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CHAPTER I 


HISTORICAL AND INTRODUCTORY 

In all ages the growth of plants has interested thoughtful men. The 
mystery of the change of an apparently lifeless seed to a vigorous 
growing plant never loses its freshness, and constitutes, indeed, no 
small part of the charm of gardening. The economic problems 
are of vital importance, and become more and more urgent as time 
goes on and populations increase and their needs become more 
complex. 

There was an extensive literature on agriculture in Roman times 
which maintained a pre-eminent position until comparatively recendy. 
In this we find collected many of the facts which it has subsequently 
been the business of agricultural experts to classify and explain. The 
Roman literature was collected and condensed into one volume about 
the year 1240 by a senator of Bologna, Petrus Crescentius, whose book^ 
was one of the most popular treatises on agriculture of any time, being 
frequently copied, and in the early days of printing, passing through 
many editions — some of them very handsome, and ultimately giving 
rise to the large standard European treatises of the sixteenth and 
seventeenth centuries. Many other agricultural books appeared in the 
fifteenth and early sixteenth centuries, notably in Italy, and later in 
France. In some of these are found certain ingenious speculations that 
have been justified by later work. Such, for instance, is Palissy’s 
remarkable statement in 1563: “You will admit that when you bring 
dung into the field it is to return to the soil something that has been 
taken away. . . . When a plant is burned it is reduced to a salty ash 
called alcaly by apothecaries and philosophers. . . . Every sort of plant 
without exception contains some kind of salt. Have you not seen certain 
labourers when sowing a field with wheat for the second year in 
succession, burn the unused wheat straw which had been taken from 
the field? In the ashes will be found the salt that the straw took out 
of the soil; if this is put back the soil is improved. Being burnt on the 
ground it serves as manure because it returns to the soil those substances 
that had been taken away.” But for every speculation that has been 
confirmed will be found many that have not, and the beginnings of 
agricultural chemistry must be sought later, when men had learnt the 
necessity for carrying on experiments. 

* RmaKwn emmodmm libri duodeem, Augsburg, 1471, and many subsequent editions. 
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The Search for the “Principle” of Vegetation, 1630-1750 
It was probably very early discovered that manures, composts, dead 
animal bodies, and parts of animals, such as blood, all increased the 
fertility of the land; and this was the basis of the ancient saying that 
“corruption is the mother of vegetation”. Yet the early investigators 
consistently ignored this ancient wisdom when they sought for the 
“principle” of vegetation to account for the phenomena of soil fertility 
and plant growth. Thus the great Francis Bacon, Lord Verulam, 
believed that water formed the “principal nourishment” of plants, the 
purpose of the soil being to keep them upright and protect them from 
excessive cold or heat, though he also considered that each plant djew 
a “particular juyee” from the soil for its sustenance, thereby impoverish- 
ing the soil for that particular plant and similar ones, but not necessarily 
for other plants. Van Helmont (1577-1644) regarded water as the s<](le 
nutrient for plants, and his son thus records his famous Brussels experi- 
ment: “I took an earthen vessel in which I put 200 pounds of soil dried 
in an oven, then I moistened with rain-water and pressed hard into it 
a shoot of willow weighing 5 pounds. After exactly five years the tree 
that had grown up weighed 169 pounds and about three ounces. But 
the vessel had never received anything but rain-water or distilled water 
to moisten the soil when this was necessary, and it remained full of soil, 
which was still tightly packed, and, lest any dust from outside should 
get into the soil, it was covered with a sheet of iron coated with tin but 
perforated with many holes. I did not take the weight of the leaves that 
fell in the autumn. In the end I dried the soil once more and got the 
same 200 pounds that I started with, less about two ounces. Therefore 
the 164 pounds of wood, bark, and root arose from the water alone.”^ 
The experiment is simple and convincing, and satisfied Robert 
Boyle,® who repeated it with “squash, a kind of Indian pompion” and 
obtained similar results. Boyle further distilled the plants and con- 
cluded, quite justifiably from his premises, that the products obtained, 
“salt, spirit, earth, and even oil (though that be thought of all bodies 
the most opposite to water), may Be produced out of water”. Never- 
theless, the conclusion is incorrect, because two factors had escaped 
Van Helmont’s notice — the parts played by the air and by the missing 
two ounces of soil. But the history of this experiment is thoroughly 
typical of experiments in agricultural chemistry generally: in no other 
subject is it so easy to overlook a vital factor ^and draw from good 
raperiments a conclusion that appears to be absolutely sound, but is 
in reality entirely wrong. 

mislionum etrmenUdmm figmntm, Amsterdam, 

* The Sceptieal Chymist, Pt. II, i66i. 



THE ‘‘principle’* OF VtOETATION j' 

Some years later J. R. Glauber^ set up the hypotheim that saltpetre 
is the “principle” of vegetation. Having obtained saltpetre fknm the 
earth cleared out from cattle sheds, he argued that it must have come 
from the urine or droppings of the animals, and must, therefore, be 
contained in the animal’s food, i,e. in plants. He also found that 
additions of saltpetre to the soil produced enormous increases in crop. 
He connected these two observations and supposed that saltpetre is 
the essential principle of vegetation. The fertility of the soil and the 
value of manures (he mentions dung, feathers, hair, horn, bones, cloth 
cuttings) are entirely due to saltpetre. 

This view was supported by John Mayow’s experiments.® He 
estimated the amounts of nitre in the soil at different times of the year, 
and showed that it occurs in greatest quantity in spring when plants 
are just beginning to grow, but is not to be found “in soil on which 
plants grow abundantly, the reason being that all the nitre of the soil 
is sucked out by the plants”. J. A. Kulbel,® on the other hand, regarded 
a magma unguinosum obtainable from humus as the “principle” soughtfor. 

The most accurate work in this period weis published by John 
Woodward* in a remarkable paper. Setting out from the experiments 
of Van Helmont and of Boyle, but apparently knowing nothing of the 
work of Glauber and of Mayow, he grew spearmint in water obtained 
from various sources with the following results among others: 


Source of water 

Weight of plants 

||P9 

Expense 
of water 
(I.e. 
trans- 
piration) 

Proportion 
of increase 
of plant to 
expense of 
water 

When 
put in 

When 

taken 

out 


grains 

grains 

grains 

grains 


Rain-water 

28i 

45| 


3004 

1 to 17 III 

River Thames 

28 

54 

26 

2493 

1 to 95|| 

Hyde Park conduit 

110 

249 

139 

13140 

1 to 94^ 

Hyde Park conduit plus 






4 oz. garden mould . 

1 

92 

376 

284 

14950 

1 to 52HI 


Now all these plants had abundance of water, therefore all shoulc 
have made equal growth had nothing more been needed. The amount 
of growth, however, increased with the impurity of the water. “Vego 
tables”, he concludes, “are not formed of water, but of a certair 

^ Des Tiuhthlandfs Wohlfart (Enter Theil), das dritte CapiiteL Ds conceniratime VegetabUium 
Mhaculum Mundi, Amsterdam, 1656. 

^ Traciatus quinque medko-physicu 1674 (Alembic Qub reprint, Edinburgh, 1907). 

** (kuse de ia fertiliU des terres^ Bordeaux, 1741. * PhiL Trans. Rqy. Soc,, 1699, ai, 382, 
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peculiar terrestrial matter. It has been shown ^t th^ is a 
siderable quantity of this matter contained in rain, spring and river 
water, that the greatest part of the fluid mass that ascends up into 
plants* does not settie there but passes through their pores and exhales 
up into the atmosphere: that a great part of the terrestrial matter, 
miYfrf with the water, passes up into the plant along with it, and that 
the plant is more or less augmented in proportion as the water contains 
a greater or less quantity of that matter; from all of which we may 
reasonably infer, that earth, and not water, is the matter that constitutes 
vegetables.” 

He discusses the use of manures and the fertility of the soil from tjhis 
point of view, attributing the well-known falling off in crop yield when 
plants arc grown for successive years on unmanured land to the circum- 
stance that “the vegetable matter that it at first abounded in bemg 
extracted from it by those successive crops, is most of it borne oflT. . I . 
The land may be brought to produce another series of the san^e 
vegetables, but not until it is supplied with a new fund of matter, of 
like sort with that it at first contained; which supply is made several 
ways, either by the ground’s being fallow some time, until the rain has 
poured down a fresh stock upon it; or by the tiller’s care in manuring 
it.” The best manures, he continues, are parts either of vegetables or 
of animals, which ultimately are derived from vegetables. 

In his celebrated text-book of chemistry, H. Boerhaave^ taught that 
plants absorb the juices of the earth and then work them up into food. 
The raw material, the “prime radical juice of vegetables, is a compound 
from all the three kingdoms, viz. fossil bodies and putrified parts of 
animals and vegetables". This “we look upon as the chyle of the plant', 
being chiefly found in the first order of vessels, viz. in the roots and the 
body of the plant, which answers to the stomach and intestines of an 
animal”. 


For many years no such outstanding work as that of Glauber and 
Woodward was published, if we except Stephen Hales’s Vegetable Siaticks 
in 1727, the interest of which is physiological rather than agricultural.® 
Advances were, however, being made in agricultural practice. One of 
the most important was the introduction of the drill and the horse hoe 
by Jethro Tull, an Oxford man of a strongly practical turn of mind, 
who insisted on the vital importance of getting the soil into a fine, 
crumbly state for plant growth. Tull was more than an inventor; he 
discussed in most picturesque language the sources of fertility in the 
soil.® In his view it was not the juices of the earth, but the very minute 
particles of soil loosened by the action of moisture, that constituted the 

^ A New Method of Chemistry, I^ndon, 1 727. 
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"{ooper pabulum” of plants. The pres^e caused by tbe swdling 
tlw growing roots forced these particles into the “lacteal months of the 
toots”, where they entered the circulatory system. All plants lived on , 
these particles, i.c. on the same kind of food; it was incorrect to a8sa:t, 
as some had done, that different kinds of plants fed as differently as 
horses and dogs, each taking its appropriate food and no other. Plants 
will take in anything that comes Aeir way, good or bad. A rotation 
of crops is not a necessity, but only a convenience. Conversely, any 
soil will nourish any plant if the temperature and water supply are 
properly regulated. Hoeing increased the surface of the soil or the 
“pasture of the plant”, and also enabled the soil better to absorb the 
nutritious vapours condensed from the air. Dung acted in the same 
way, but was more costly and less efficient. 

So much were Tull’s writings esteemed, Cobbett tells us, that they 
were “plundered by English writers not a few and by Scotch in whole 
bandittis”. 

The position at the end of this period cannot better be summed up 
than in Tull’s own words; “It is agreed that all the following materials 
contribute in some manner to the increase of plants, but it is disputed 
which of them is that very increase or food: (i) nitre, (2) water, (3) air, 
(4) fire, (5) earth.” 


The Search for Plant Nutrients 

I. THE PHLOGISTIC PERIOD, I75O-180O 

Great interest was taken in agriculture in this country during the 
latter half of the eighteenth century. “The ffirming tribe”, writes 
Arthur Young during this period, “is now made up of all ranks, from 
a duke to an apprentice.” Many experiments were conducted, facts 
were accumulated, books written, and societies formed for promoting 
agriculture. The Edinburgh Society, established in 1755 for the 
improvement of arts and manufactures, induced Francis Home^ “to 
try how far chymistry will go in setting the principles of agriculture”. 
The whole art of agriculture, he says, centres in one point: the nourish* 
ing of plants. Investigation of fertile soils showed that they contain 
oil, which is therefore a food of plants. But when a soil has been 
ex^usted by cropping, it recovers its fertility on exposure to air,* which 
therefore supplies another food. Home made pot experiments to 
ascertain the effect of various substances on plant growth. “The more 
they (i.e. farmers) know of the effects of different bodies on plants, the 
greater chance they have to discover the nourishment of plants, at 

* Tht ^ Agriadtm and PegeMkn, Edinburgh, 1 757. 

' Recorded by most early writers, c.g. Evelyn (Terra, a pkwsc^teal dtseourst ef mth, 1674). 
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least this is the only road.” Saltpetre, Epsom salt, vitriolated tartar 
(i.e. potassium sulphate) aU lea.d to increased plant powth, yet they 
are three distinct salts. Olive oil was also useful. It is thus clear that 
plant food is not one thing only, but several; he enumerates six: air, 
water, earth, salts of different kinds, oil, and fire in a fixed state. As 
further proof he shows that “all vegetables and vegetable juices afford 
those very principles, and no other, by all the chymical experiments 
which have yet been made on them with or without fire”. 

The book is a great advance on anything that had gone before it, 
not only because it recognises that plant nutrition depends on several 
factors, but because it indicates so clearly the two methods to be 
followed in studying the problem — ^pot cultures and plant analj^is. 
Subsequent investigators, J. G. Wallerius,i the Earl of Dundonald® and 
R. Kirwan® added new details but no new principles. The probl^, 
indeed, was carried as far as was possible until further advances w^e 
made in plant physiology and in chemistry. The writers just mentioned 
are, however, too important to be passed over completely. Wallerius, 
in 1761, professor of chemistry at Upsala, after analysing plants to 
discover the materials on which they live, and arguing that Nutritio 
non fieri potest a rebus heterogeneis, sed homogeneis, concludes that humus, 
being homogeneous, is the source of their food — the nutiitiva — ^while the 
other soil constituents are instrumentalia, making the proper food mix- 
ture, dissolving and attenuating it, till it can enter the plant root 
Thus chalk and probably salts help in dissolving the “fatness” of the 
humus. Clay helps to retain the “fatness” and prevent it being washed 
away by rain: sand keeps the soil open and pervious to air. The Earl 
of Dundonald, in 1 795, adds alkaline phosphates to the list of nutritive 
salts, but he attaches chief importance to humus as plant food. The 
“oxygenation” process going on in the soil makes the organic matter 
insoluble and therefore useless for the plant; lime, “alkalis and other 
saline substances” dissolve it and change it to plant food; hence these 
substances should be used alternately with dung as manure. Manures 
were thus divided, as by Walleriuj, into two classes; those that afford 
plant food, and those that have some indirect effect. 

Throughout this period it was believed that plants could generate 
alkalis. “Alkalis”, wrote Kirwan in 1796, “seem to be the product of 
the vegetable process, for either none, or scarce any, is found in the 
soils, or in rain water.” In like manner Lampadius thought he had 
proved that plants could generate silica. The theory that plants agreed 


> ApvtdUaaeFundamenla Chmica: Akerbrukeb Chemiska Gnmder, Upsala, I76r. 
Londo^Tvgs.'^**""'^ Connection that Subsists between Agriculture and Oiemisto, etc., 

bl^ to the various sorts soOs and the cause tf their 

ven^unal ejfeeU m each partuular mstance, 4th ed., London, 1 7^. 
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in all essentials with animals was still accepted by many men of science; 
some interesting developments were made by Erasmus Darwin.* 

Between 1770 and 1800 work was done on the effects of vegetation 
on air that was destined to revolutionise the ideas of the function of 
plants in the economy of nature, but its agricultural significance was 
not recognised until later. Joseph Priestley,® knowing that the atmo- 
sphere becomes vitiated by animal respiration, combustion, putre- 
faction, etc., and realising that some natural purification must go on, 
or life would no longer be possible, was led to try the effect of sprigs 
of living mint on vitiated air. He found that the mint made the air 
purer, and concludes “that plants, instead of affecting the air in the 
same manner with animal respiration, reverse the effects of breathing, 
and tend to keep the atmosphere pure and wholesome, when it is 
become noxious in consequence of animals either living, or breathing, 
or dying, and putrefying in it”. But he had not yet discovered oxygen, 
and so could not give precision to his discovery: and when, later on, 
he did discover oxygen and learn how to estimate it, he unfortunately 
failed to confirm his earlier results because he overlooked a vital factor, 
the necessity of light. He was therefore unable to answer Scheelc, who 
had insisted that plants, like animals, vitiate the air. It was Jan 
Ingen-Housz® who reconciled both views and showed that purification 
goes on in light only, whilst vitiation takes place in the darkness. Jean 
Senebier at Geneva had also arrived at the same result. He also studied 
the converse problem — the effect of air on the plant, and in 1783* 
argued that the increased weight of the tree in Van Helmont’s experi- 
ment (p. 2) came from the fixed air. “Si done fair fixe, dissous dans 
I’eau de 1’ atmosphere, se combine dans la parenchyme avec la lumiere 
et tous les autres elements dc la plante; si le phlogistiquc de cet air fixe 
est sfirement precipite dans les organes de la plante, si ce predpit^ 
reste, comme on le voit, puisque cet air fixe sort des plantes sous la 
forme d’air ddphlogistiqud, il est clair que fair fixe, combine dans la 
plante avec la lumiere, y laisse une mati^ire qui n’y seroit pas, et mes 
experiences sur I’etoileraent suffisent pour le demontrer.” Later on 
Senebier translated his work into the modem terms of Lavoisier’s system. 

2. THE MODERN PERIOD, r8oO-6o 

(a) The Foundation of Plant Physiology. We have seen that Home in 
*757 pushed his inquiries as far as the methods in vogue would permit, 
and in consequence no marked advance was made for forty years. A 

^ Phytol 0 gui.t or the philosophy cf agriculture and gardening, London, 1800. 

* Experiments and Observations on Different Kinas of Air, London, 1775. 

* Experiments upon Vegetables, discooering their great pmer rf purifying common air in the sunshine 
and of injuring in the sh^e and at nig^, London, 1779. 

* MMoires Physicthchimiques, 178a* 



historical and introductory 

hew method was wanted before further progress could be made, or 
before the new idea introduced by Senebier could be developed. 
Fortunately, this was soon forthcoming, in 1804. To Theodore de 
Saussure,^ son of the well-known de Saussure of Geneva, is due the 
quantitative experimental method which more than anything else has 
made modem agricultural chemistry possible; which formed the basis of 
subsequent work by Boussingault, Liebig, Lawes and Gilbert, and, 
indeed, still remains our safest method of investigation. Senebier tells 
us that the elder de Saussure was well acquainted with his work, and 
it is therefore not surprising that the son attacked two problems that 
Senebier had also studied— the effect of air on plants and the nature 
and origin of salts in plants. De Saussure grew plants in air ot( in 
known mixtures of air and carbon dioxide, and measured the gas 
changes by eudiometric analysis and the changes in the plant by 
“carbonisation”. He was thus able to demonstrate the central factW 
plant respiration — the absorption of oxygen and the evolution ofcarlxm 
dioxide, and further to show the decomposition of carbon dioxide and 
evolution of oxygen in light. Carbon dioxide in small quantities was 
a vital necessity for plants, and they perished if it was artificially 
removed from the air. It furnished them not only with carbon, but 
also with some oxygen. Water is also decomposed and fixed by plants. 
On comparing the amount of dry matter gained from these sources 
with the amount of material that can enter through the roots even 
under the most favourable conditions, he concludes that the soil fur- 
nished only a very small part of the plant food. Small as it is, however, 
this part is indispensable: it supplies nitrogen — une partie essentielle des 
vegitaux — ^which, as he had shown, was not assimilated direct from the 
air; and also ash constituents, qui peuvent contribuer d former, cotnme dans 
les animaux, leur parties solides ou osseuses. Further, he shows that the 
root is not a mere filter allowing any and every liquid to enter the 
plant; it has a special action and takes in water more readily than 
dissolved matter, thus effecting a concentration of the solution sur- 
rounding it; different salts, also, /ire absorbed to a different extent. 
Passing next to the composition of the plant ash, he shows that it is not 
constant, but varies with the nature of the soil and the age of the plant; 
it consists mainly, however, of alkalis and phosphates. All the consti- 
tuents of the ash occur in humus. If a plant is grown from seed in 
water there is no gain in ash: the amount found at the end of the 
plant’s growth is the same as was present in the seed excepting for a 
relatively small amount falling on the plant as dust. Thus he disposes 
finally of the idea that the plant generated potash. 

After the somewhat lengthy and often wearisome works of the earlier 

* Rechtrehes chimiquts star la vigitalitm, Pari*, 1804. 
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tmters it is very refreshing to tarn to de Saussure’s condse and logical 
argument and the ample verification he giv« at evoy sta^ 
for years his teachings were not accepted, nor were his methods 
followed. 

The two great books on agricultural chemistry then current still 
belonged to the old period. A. von Thaer and Humphry Davy, while 
much in advance of Wallerius, the text-book writer of 1761, nevertheless 
did not realise the fundamental change introduced by de Saussure; it 
has always been the fate of agricultural science to lag behind pure 
science. Thaer published his Grundsatze de ratiomllen Landwirtsefu^ in 
1809-12: it had a great success on the Continent as a good, practical 
hand-book, and was translated into English as late as 1844 by ^thbert 
Johnson. In it he adopted the prevailing view that plants draw thdr 
carbon and other nutrients from the soil humus. “Die Fruchtbarkeit 
ties Bodens”, he says, “hangt eigentlich ganz vom Humus ab. Denn 
ausser Wasser ist er es allein, der den Pflanzen Nahrung gibt. So wie der 
Humus eine Erzeugung des Lebens ist, so ist er auch einc Bedingung des 
Lebens. Er gibt den Organismen die Nahrung. Ohne ihn lasst sich kein 
individuelles Lebcn denken.” Humphry Davy’s book^ grew out of the 
lectures which he gave annually at the Royal Institution on agricultural 
chemistry between 1802 and 1812; it forms the last text-book of the 
older period. Whilst no great advance was made by Davy himself he 
carefully sifted the facts and hypotheses, of previous writers, and gives 
us an account, which, however defective in places, represents the best 
accepted knowledge of the time, set out in the new chemical language. 
His great name gave the subject an importance it would not otherwise 
have had.* He did not accept de Saussure’s conclusion that plants 
obtain their carbon chiefly from the carbonic acid of the air: some 
plants, he says, appear to be supplied with carbon chiefly from this 
source, but in general he supposes the carbon to be taken in through 
the roots. Oils are good manures because of the carbon and hydrogen 
they contain; soot is valuable, because its carbon is “in a state in which 
it is capable of being rendered solyble by the action of oxygen and 
water”. Lime is useful because it dissolves hard vegetable matter. 
Once the organic matter has dissolved there is no advantage in letting 
it decompose further: putrid urine is less useful as manure than firesh 
urine, whilst it is quite wrong to cause farmyard manure to ferment 
before it is applied to the land. All these ideas have been given 
up, and indeed there never was any sound experimental evidence to 

* Elmenb of Agrieutttiral Ounditiy, London, 1813. 

• Thus CStarka Lamb, Esuns of Elia (1830-3) Schoolmaster”, umtes: 

“Hie inod«n schoolmaster Is requirea to know a little of everything because his pupil is 
lequii^ not to entirely ignorant of anything. He is to know something of pneumatics, 
of chemistry, the quality of soils, etc. . . 



10 HISTORICAL AND INTRODUCTORY 

support them. It is even arguable that they would>not have persisted 
so long as they did had it not been for Davy’s high reputation. His 
insistence on the importance of the physical properties of soils — their 
relationship to heat and to water — was more fortunate and marks 
the beginning of soil physics, afterwards developed considerably by 
Gustav Schtibler.^ On the Continent, to an even greater extent than 
in England, it was held that plants drew their carbon and other 
nutrients from the soil humus, a view supported by the very high 
authority ofj. J. Berzelius.® 

{b) The Foundation of Agricultural Science. Ehtherto experiments had 
been conducted either in the laboratory or in small pots: about 1834, 
however, J. B. Boussingault, who was already known as an adventurpus 
traveller in South America, began a series of field experiments on 'bis 
farm at Bechelbronn in Alsace. These were the first of their kind:Uo 
Boussingault, therefore, belongs the honourtuf having introduced tpe 
method by which the new agricultural science was to be developed. 
He reintroduced the quantitative methods of de Saussure, weighed ana 
analysed the manures used and the crop obtained, and at the end of 
the rotation drew up a balance sheet, showing how far the manures 
had satisfied the needs of the crop and how far other sources of supply 
— air, rain and soil — had been drawn upon. The results of one experi- 
ment are given in Table i.® At the end of the period the soil had 
returned to its original state of productiveness, hence the dry matter, 
carbon, hydrogen and oxygen not accounted for by the manure must 
have been supplied by the air and rain, and not by the soil. On the 
other hand, the manure afforded more mineral matter than the crop 
took off, the balance remaining in the soil. Other things being equal, 
he argued that the best rotation is one which yields the greatest amount 
of organic matter over and above what is present in the manure. No 
fewer than five rotations were studied, but it will suffice to set out only 
the nitrogen statistics (Table 2), which show a marked gain of nitrogen 
when the newer rotations are adopted, but not where wheat only is 
grown. , 

Now the rotation has not impoverished the soil, hence he concludes 
that “1’ azote peut entrer directement dans Torganisme des plantes, si 
leur parties vertes sont aptes a le fixer”. Boussingault’s work covers 
the whole range of agriculture and deals with the composition of crops 
at different stages of their growth with soils, and with problems in 
animal nutrition. Unfortunately the classic farm of Bechelbronn did 
not remain a centre of agricultural research and the experiments came 
to an end after the war of 1870. Some of the work was summarised 

in naherer Beziehung auf land- und fortsimrtschafilicht Gewerbe, 

* Train dt chimit, Brussels, 1838. a Am. Chim. Phys. (HI), 1841, I, ao8. 
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TABLE I 

Statistics of a Rotation 


It 


Weight In kg. per hectare of 



Dry 

matter 

Carbon 

Hydrogen 

Oxygen 

Nitrogen 

Mineral 

matter 

1. Beets 

3172 

1357-7 


WSm 

53-9 

199-8 

2. Wheat . 


1431-6 

HRsS 

wBSM 

Hln 

163-8 

3. Clover hay 

4029 

1909-7 


1523-0 

84-6 

310-2 

4, Wheat . 

4208 



1700-7 

43-8 

229-3 

Turnips (catch 







crop) . 

716 

307-2 

39-3 

302-9 

12-2 

54-4 

5. Oats 

2347 

1182-3 

137-3 

890-9 

28-4 

108-0 

Total during rota- 
tion 

17478 

8192-7 

956-5 

7009-0 

254-2 

1065-5 

Added in manure. 

I0I6I 

3637-6 

426-8 

2621-5 

203-2 

3271-9 

Difference not ac- 
counted for taken 
from air, rain or 




■ 



soil . 

+7317 

+4555-1 



+51-0 

-2206-4 


1000 kg. per heaare = 8 cwt. per acre 


TABLE 2 


Nitrogen Statistics of Various Rotations 




Kg. per hectare 


Rotation 

Nitrogen 
in manure 

Nitrogen 
in crop 

Excess in crop over 
that supplied in 
manure 


Per 

rotation 

Per 

annum 

(1) Potatoes, (2) wheat, (3) clover. 





(4) wheat, turnips,* (5) oats . .* 

203-2 

250-7 

47-5 

9-5 

(1) Beets, (2) wheat, (3) clover. 





(4) wheat, turnips,* (5) oats . 

203-2 

254-2 

51-0 

10-2 

(1) Potatoes, (2) wheat, (3) clover. 




(4) wheat, turnips,* (5) peas, (6) rye 

243-8 

353-6 

109-8 

86-0 

18-3 

Jerusalem artichokes, two years 
(1) Dunged fallow, (2) wheat, (3) 

188-2 

274-2 

43-0* 

wheat 

82-8 

87-4 

4-6 

854-0 

1-5 

Lucerne, five years .... 

224-0 


170-8 


^ Catch crop, i.e. taken in autumn after the wheat. 

‘ This crop docs not belong to the leguminosae, but it is possible that the nitrogen came 
from the soil, and that impoverishment was going on. 
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by J. B. A. Dumas and Boussingault^ in a very striking essay that has 
been curiously overlooked by agricultural chemists. 

During this period (1830-40) Carl Sprengel was studying the ash 
constituents of plants, which he considered were probably essential to 
nutrition.® Schtibler was working at soil physics, and a good deal of 
other work was quietly being done. No particularly important dis- 
coveries were being made, no controversies were going on, and no great 
amount of interest was taken in the subject. 

But all this was changed in 1840 when Liebig’s famous report to the 
British Association® upon the state of organic chemistry, published as 
Chemistry in its Application to Agriculture and Physiology in 1840, came lijkc 
a thunderbolt upon the world of science. With polished invective ahd 
a fine sarcasm he holds up to scorn the plant physiologists of his dky 
for their continued adhesion, in spite of accumulated evidence, to the 
view that plants derive their carbon from the soil and not from the 
carbonic acid of the air. “All explanations of chemists must remaii^ 
without fruit, and useless, because, even to the great leaders in physio- 
logy, carbonic acid, ammonia, acids and bases are sounds without 
meaning, words without sense, terms of an unknown language, which 
awake no thoughts and no associations.” The experiments quoted by 
the physiologists in support of their view are all “valueless for the 
decision of any question”. “These experiments are considered by them 
as convincing proofs, whilst they are fitted only to awake pity.” Liebig’s 
ridicule did what neither de Saussure’s nor Boussingault’s logic had 
done: it finally killed the humus theory. Only the boldest would have 
ventured after this to assert that plants derive their carbon from any 
source other than carbon dioxide, although it must be admitted that 
we have no proof that plants really do obtain all their carbon in this 
way. Thirty years later, in fact, L. Grandeau* adduced evidence that 
humus may, after all, contribute something to the carbon supply, and 
his view found some acceptance in France;® for this also, however, 
convincing proof is lacking. But for the time carbon dioxide was con- 
sidered to be the sole source of thp carbon of plants. Hydrogen and 
oxygen came from water, and nitrogen from ammonia. Certain mineral 
substances were essential: alkalis were needed for neutralisation of the 


acids made by plants in the course of their vital processes, phosphates 
were necessary for seed formation, and potassium silicates for the 
development of grasses and cereals. The evidence lay in the com- 
position of the ash: plants might absorb anything soluble from the soil, 

’ Essai de statique chimique dei etres organises, Paris, 1841. 

! Forslmamer und Camerahittn, Gottingen, 1832. 

4 o having been presented to the Association. 

IB72, 74, 988; Fubluaium de la Station Agronomique de t'Est, 1872. 
air’* CatUetet {C.R., 1911, 152 1213), Jules Lcffvre (ibid., 1905, X4Z, 

2 li;, and J. Laurent 1904, i6, 14). 
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but they excreted horn their roots whatever was iion*e^ndaI. l^e 
feet of a substance being present was therefore sufficient proof of its 
necessity. 

- Plants, Liebig argued, have an inexhaustible supply of carbonic acid 
in the air. But time is saved in the early stages of plant growth if 
carbonic acid is being generated in the soil, for it enters the plant roots 
and affords extra nutrient over and above what the small leaves are 
taking in. Hence a supply of humus, which continuously yields car- 
bonic add, is advantageous. Further, the carbonic acid attacks and 
dissolves some of the alkali compounds of the soil and thus increases 
the mineral food supply. The true function of humus is to evolve 
carbonic acid. 

The alkali compounds of the soil are not all equally soluble. A 
weathering process has to go on, which is facilitated by liming and 
cultivation, whereby the comparatively insoluble compounds arc 
broken down to a more soluble state. The final solution is effected by 
acetic acid excreted by the plant roots, and the dissolved material now 
enters the plant. 

The nitrogen is taken up as ammonia, which may come from the 
soil, from added manure, or from the air. In order that a soil may 
remain fertile it is necessary and sufficient to return in the form of 
manure the mineral constituents and the nitrogen that have been taken 
away. When sufficient crop analyses have been made it will be possible 
to draw up tables showing the farmer precisely what he must add in 
any particular case. 

An artificial manure known as Liebig’s patent manure was made 
up on these lines and placed on the market. 

Liebig’s book was meant to attract attention to the subject, and it 
did; it rapidly went through several editions, and as time went on 
Liebig developed his thesis, and gave it a quantitative form; “The crops 
on a field diminish or increase in exact proportion to the diminution 
or increase of the mineral substances conveyed to it in manure.’’ He 
further adds what afterwards becaijic known as the Law of the Mini- 
mum, “by the deficiency or absence of one necessary constituent, all 
the others being present, the soil is rendered barren for all those crops 
to the life of which that one constituent is indispensable”. These and 
other amplifications in the third edition, 1843, gave rise^ to much 
controversy. So much did Liebig insist, and quite rightly, on the 
necessity for alkalis and phosphates, and so impressed was he by the 
gain of nitrogen in meadow land supplied with alkalis and phosphates 
alone, and by the continued fertility of some of the fields of Virginia 
and Hungary and the meadows of Holland, that he began more and 
more to regard the atmosphere as the source of nitrogen for plants. 
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Some of the passages of the first and second editions urging the necessity 
of ammoniacal manures were deleted fi'om the third and later editions. 
“If the soil be suitable, if it contain a sufficient quantity of alkalis, 
phosphates, and sulphates, nothing will be wanting. The plants will 
derive their ammonia from the atmosphere as they do carbonic acid”, 
he writes in the Farmer's Magazine.^ Ash analysis led him to consider 
the turnip as one of the plants “which contain the least amount of 
phosphates and therefore require the smallest quantity for their 
development”. These and other practical deductions were seized upon 
and shown to be erroneous by J. B. Lawes and J. H. Gilbert,* 
who had for some years been conducting vegetation experiments. 
Lawes docs not discuss the theory as such, but tests the dedulc- 
tions Liebig himself draws and finds them wrong. Further trouble 
was in store for Liebig; his patent manure when tried in practi^ 
had failed. This was unfortunate, and the impression in England 
at any rate was, in Philip Pusey’s words: “The mineral theory, tod, 
hastily adopted by Liebig, namely, that crops rise and fall in direct 
proportion to the quantity of mineral substances present in the soil 
or to the addition or abstraction of these substances which are added 
in the manure, has received its death-blow from the experiments of 
Mr. Lawes.” 


And yet the failure of the patent manure was not entirely the fault 
of the theory, but only affords further proof of the numerous pitfalls 
of the subject. The manure was sound in that it contained potassium 
compounds and phosphates (it ought, of course, to have contained 
mtrogen compounds), but it was unfortunately rendered insoluble by 
fusion with hme and calcium phosphate so that it should not too readily 
wash out in the drainage water. Not till J. T. Way had shown in t8«io* 
hiit soil precipitates soluble sails of ammonium, potassium and phosphates was 

hebad!Zde ^*^'^^** discovered, and Liebig* saw the error 


starte^T n experiments at Rothamsted had been 

dur “ ‘^43- These experiments were con- 

bm dferhaveX^ '"I* ^ Boussingault, 

excent in o/r-,c- ground without alteration, 

S i cl?d The mass of data now accumu- 

methods ^ modem statistical 

methods. Certain conclusions are so obvious, however, that they can 

» ffiven in hi. 

Utters ^ CUmistry, 3rci ’cd., 
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be drawn on mere inspection of the data. By 1855 the following points 
were definitely settled:^ 

1. Crops require phosphates and salts of the alkalis, but the com- 
position of the ash does not afford reliable information as to the 
amounts of each constituent needed, e.g. turnips require large amounts 
of phosphates, although only little is present in their ash. Some of the 
results are: 

Composition of ash, per cent Yield of turnips, tons per acre 

( 1 860 crop) — ( 1 843) — 

KgO .... 44*8 Unmanured ... 4*5 

P^Oa . . . .7*9 Superphosphate . . . 12*8 

+ potassic salts 1 1 *9 

2. Non-leguminous crops require a supply of some nitrogenous 
compounds, nitrates and ammonium salts being almost equally good. 
Without an adequate supply no increases of growth are obtained, even 
when ash constituents are added. The amount of ammonia obtainable 
from the atmosphere is insufficient for the needs of crops. Leguminous 
crops behave abnormally. 

3. Soil fertility may be maintained for some years at least by means 
of artificial manures. 

4. The beneficial effect of fallowing lies in the increase brought about 
in the available nitrogen compounds in the soil. 

Although many of Liebig’s statements were shown to be wrong, the 
main outline of his theory as first enunciated stands. It is no detraction 
that dc Saussure had earlier published a somewhat similar, but less 
definite view of nutrition: Liebig had brought matters to a head and 
made men look at their cherished, but unexamined, convictions. The 
effect of the stimulus he gave can hardly be over-estimated, and before 
he had finished, the essential facts of plant nutrition were settled and 
the lines were laid down along which scientific manuring was to be 
developed. The water cultures of Knop and other plant physiologists 
showed conclusively that potassium* magnesium, calcium, iron, phos- 
phorus, along with sulphur, carbon, nitrogen, hydrogen and oxygen 
arc all necessary for plant life. The list differs from Liebig's only in 
the addition of iron and the withdrawal of silica; but even silica, 
although not strictly essential, is advantageous for the nutrition of 
cereals. 

In two directions, however, the controversies went on for many years. 

* Lawes and Gilbert’s papers are collected in ten volumes of Rothamted Memoirs, and the 
general results of their exi^eriments are summarised by Hall in Tiie Book of the Roihamted 
Experiments, A detailed investigation of the early experiments of Lawes in their relation to 
the discovery of superphosphate has been made by Max Speter in Superphosphate, 1935, 8. 
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Fanners were slow to believe that “chemical manures could evojr do 
more than stimulate the crop, and declared they must ultimately 
cjthaust the ground. The Rothamsted plots falsified this prediction; 
manured year after year with the same substances and sown always 
with the same crops, they even now, after a hundred years of chemical 
manuring, continue to produce good crops, although secondary effects 
have sometimes set in. In France the great missionary was Georges 
Ville,^ whose lectures were given at the experimental farm at Vincennes 
during 1867 and 1874-5. He went even further than Lawes and 
Gilbert, and maintain ed that artificial manures were not only more 
remunerative than dung, but were the only way of keeping up fertility. 
In recommending mixtures of salts for manure he was not guided py 
ash analysis but by field trials. For each crop one of the four consti- 
tuents, nitrogen compounds, phosphates, lime and potassium coin- 
pounds (he did not consider it necessary to add any others to his 
manures) was found by trial to be more wanted than the others anq 
was therefore called the “dominant” constituent. Thus for wheat he' 
obtained the following results, and therefore concluded that on his soil 
wheat required a good supply of nitrogen, less phosphate, and still 
less potassium: 

Crop per acre 
bushels 


Normal manure 43 

Manure without lime . • • * 41 

It If potash • • • 31 

I, phosphate • • . 26J 

I. I, nitrogen . , .14 

Soil without manure . . .12 


Other experiments of the same kind showed that nitrogen was the 
dominant for all cereals and beetroot, potassium for potatoes and vines, 
phosphates for the sugar-cane. An excess of the dominant constituent 
was always added to the crop manure. The composition of the soil 
had to be taken into account, but soil analysis was no good for the 
purpose. Instead he drew up a simple scheme of plot trials to enable 
farmers to determine for themselves just what nutrient was lacking in 
their soil. His method was thus essentially empirical, but it still 
remains the best we have; his view that chemical manures are always 
better and cheaper than dung is, however, too narrow and has not 
survived. 

The second controversy dealt with the source of nitrogen in plants. 
Priestley had stated that a plant oiEpilobium hirsutum placed in a small 

\S\ aooket' London application to agriculture. Tram, by 
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vessel absorbed dining the course of the month 8even*eighths of the air 
present. De Saussure, however, denied that plants assimilated gaseous 
nitrogen. J. B. Boussingault’s pot experiments^ showed that peas and 
clover could get nitrogen from the air while wheat could not, and his 
rotation experiments emphasised this distinction. He himself did not 
make as much of this discovery as he might have done, but later* 
fully realised its importance. 

Liebig, as we have seen, maintained that ammonia, but not gaseous 
nitrogen, wais taken up by plants, a view confirmed by Lawes, Gilbert 
and E. Pugh® in the most rigid demonstration that had yet been 
attempted. Plants of several natural orders, including the leguminosae, 
were grown in surroundings free from ammonia or any other nitri^en 
compound. The soil was burnt to remove all trace of nitrogen com- 
pounds, while the plants were kept throughout the experiment under 
glass shades, but supplied with washed and purified air and with pure 
water. In spite of the ample supply of mineral food the plants lan- 
guished and died: the conclusion seemed irresistible that plants could 
not utilise gaseous nitrogen. For all non-leguminous crops this con- 
clusion agreed with the results of field trials. But there remained the 
very troublesome fact that leguminous crops required no nitrogenous 
manure and yet they contained large quantities of nitrogen, and also 
enriched the soil considerably in this element. Where had the nitrogen 
come from? The amount of combined nitrogen brought down by the 
rain was found to be far too small to account for the result. For years 
experiments were carried on, but the problem remained unsolved. 
Looking back over the papers* one can see how very close some of the 
older investigators were to the discovery of the cause of the mystery: 
in particular J. Lachmann® carefully examined the structure of the 
nodules, which he associated with the nutrition of the plant, and 
showed that they contained “vibrionenartige” organisms. His paper, 
however, was published in an obscure journal and attracted little 
attention. W. O. Atwater in 1881 and 1882 showed that peas acquired 
large quantities of nitrogen from tbp air, and later suggested that they 
might “favour the action of nitrogen-fixing organisms”.® But he was 
too busily engaged to follow the matter up, and once again an investi- 
gation in agricultural chemistry had been brought to a standstill for 
want of new methods of attack. 

1 Awt. Chim. Phys., 1838 (II), 67, 5; 69, 353; 1856 (III), 46, 5. 

* J. B, A. Dumas and Boussingault, Essm de statxque chimique des itres organises, Paris, 1841. 

* ehiL Trans,, 1861, 151, 431; 1889, 180 A, 1; J, Roy. Agric. Soc,, 1891, scr. 3, a, 657. 

• A summary of the voluminous literature is contained in Ldhnis s Handbwh der landw. 
Bakterhhgie, pp* 846 et seq. 

^ Mitt. Landw. UhansL, Poppelsdorf, 1858, x. Reprinted in Z^L Agrik. Chem., 1891, 
20, 837* 

• Amer, Oim. J., 1B85, 6 , 365; 8, 327. 
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The Beginnings of Soli Bacteriology 
It had been a maxim with the older agricultural chemists that 
**corruption is the mother of vegetation”. Animal and vegetable matter 
had long been known to decompose with formation of nitrates: indeed 
nitre beds made up from such decaying matter were the recognised 
source of nitrates for the manufacture of gunpowder during the Euro- 
pean wars of the seventeenth and eighteenth centuries. ^ No satisfactory 
explanation of the process had been offered, although the discussion 
of rival hypotheses continued up till i860, but the conditions under 
which it worked were known and on the whole fairly accurately 
described. . { 

No connection was at first observed between nitrate formation arid 
soil productiveness. Liebig® rather diverted attention from the possi- 
bility of tracing what now seems an obvious relationship by regarding 
ammonia as the essential nitrogenous plant nutrient, though he 
admitted the possible suitability of nitrates. Way came much nearer - 
to the truth. In 1856 he showed that nitrates were formed in soils to 
which nitrogenous fertilisers were added. Unfortunately he failed to 
realise the significance of this discovery. He was still obsessed with the 
idea that ammonia was essential to the plant, and he believed that 
ammonia, unlike other nitrogen compounds, could not change to 
nitrate in tlie soil, but was absorbed by the soil by the change he had 
already described (p. 14). But he only narrowly missed making an 
important advance in the subject, for after pointing out that nitrates 
are comparable with ammonium salts as fertilisers he writes: “Indeed 
the French chemists arc going further, several of them now advocating 
the view that it is in the form of nitric acid that plants make use of 
compounds of nitrogen. With this view I do not myself at present 
concur: and it is sufficient here to admit that nitric acid in the form 
of nitrates has at least a very high value as a manure.” 

It was not till ten years later, and as a result of work by plant 
physiologists, that the French view prevailed over Liebig’s, and agri- 
cultural investigators recognised the importance of nitrates to the plant 
and of nitrification to soil fertility. It then became necessary to discover 
the cause of nitrification. 

During the ’sixties and ’seventies great advances were being made 
in bacteriology, and it was definitely established that bacteria bring 
about putrefaction, decomposition and other changes; it was therefore 
conceivable that they were the active agents in the soil, and that the 

publU par Its Rigisseurs ginirmx des Poudres et 
Londo^'l’ess”'^ with ipecial nfereme to the late researches made in England, 
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process of decomposition there taking place was not the purely chemical 
“eremacausis” liebig had postulated. Pasteur himself had expressed 
the opinion that nitrification was a bacterial process. The new know- 
ledge was first brought to bear on agricultural problems by Th. 
Schloesing and A. Miintz^ during a study of the purification of sewage 
water by land filters. A continuous stream of sewage was allowed to 
trickle down a column of sand and limestone so slowly that it took 
eight days to pass. For the first twenty days the ammonia in the sewage 
was not affected, then it began to be converted into nitrate; finally all 
the ammonia was converted during its passage through the column, 
and nitrates alone were found in the issuing liquid. Why, asked the 
authors, was there a delay of twenty days before nitrification began? 
If the process were simply chemical, oxidation should begin at once. 
They therefore examined the possibility of bacterial action and found 
that the process was entirely stopped by a little chloroform vapour, 
but could be started again after the chloroform was removed by adding 
a litde turbid extract of dry soil. Nitrification was thus shown to be 
due to micro-organisms — “organised ferments”, to use their own 
expression. 

R. Warington* had been investigating the nitrates in the Rothamsted 
soils, and at once applied the new discovery to soil processes. He 
showed that nitrification in the soil is stopped by chloroform and carbon 
disulphide; further, that solutions of ammonium salts could be nitrified 
by adding a trace of soil. By a careful series of experiments described 
in his four papers to the Chemical Society he found that there were 
two stages in the process and two distinct organisms; the ammonia was 
first converted into nitrite and then to nitrate. But he failed altogether 
to obtain the organisms, in spite of some years of study, by the gelatin 
methods then in vogue. However, S. Winogradsky,® in a brilliant 
investigation, isolated these two groups of organisms, showing they 
were bacteria. He succeeded where Warington failed because he 
realised that carbon dioxide should be a sufficient source of carbon 
for them, so that they ought to grov^ on silica gel plates carefully freed 
from all organic matter; and it was on this medium that he isolated 
them in 1890. 

Warington also established definitely the fact that nitrogen com- 
pounds rapidly change to nitrates in the soil, so that whatever com- 
pound is supplied as manure, plants get practically nothing but nitrate 
as food. This closed the long discussion as to the nitrogenous food of 
non-leguminous plants; in natural conditions they take up nitrates 
only (or at any rate chiefly), because the activities of the nitrifying 

* C.R., 1877,84, 301:85, ioi8; 1878,86, 893L. 

> J. Chem. Soc., 1878, 33, 44; 1879, 35, 499; 1884, 45, 637; 1891, 59, 484, 

• Ami. liisl. Pasteur, 1890, 4, 213, 257, 760. 
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organisms leave them no option. The view that plants asamilate 
gaseous nitrogen has from time to time been revived,^ but it is not 
generally accepted. 

The apparently hopeless problem of the nitrogen nutrition of 
leguminous plants was soon to be solved. In a striking series of sand 
cultures H. Hellriegel and H. Wilfarth® showed that the growth of 
non-leguminous plants, barley, oats, etc., was directly proportional to 
the amount of nitrate supplied, the duplicate pots agreeing satisfactorily; 
while in the case of leguminous plants no sort of relationship existed 
and duplicate pots failed to agree. After the seedling stage was passed 
the leguminous plants grown without nitrate made no further progress 
for a time, then some of them started to grow and did well, while 
others failed. This stagnant period was not seen where nitrate \^(as 
supplied. Two of their experiments are given in Table 3. 

TABLE 3 

Relation between Nitrogen Supply and Plant Growth 


Nitrogen in the 
calcium nitrate 
supplied per pot, 
gm. . 

Weight of oats 
obtained (grain 
and straw) 
Weight of peas 
obtained (grain 
and straw) 


none 

0-056 

0-112 

0-168 

0-224 

0-336 

r 0-361 
10-419 

(5-902 

5-851 

(5-287 

r 10-981 
110-941 

15-997 

1/21-273 

1121-441 

30-175 

(0-551 

(0-978 

4-915 




3-496 

J 1-304 

9-767 

5-619 

9*725 

11-352 

^5-233 

(4-128 

8-497 


6*o46 



Analysis showed that the nitrogen contained in the oat crop and 
sand at the end of the experiment was always a little less than that 
originally supplied, but was distinctly greater in the case of peas; the 
gain in three cases amounted to o-gio, 1-242 and 0-789 gm. per pot 
respectively. They drew two cdhclusions: (i) the peas took their 
nitrogen from the air; (2) the process of nitrogen assimilation was 
conditioned by some factor that did not come into their experiment 
except by chance. In trying to frame an explanation they connected 
two facts that were already known. M. Berthelot® had made experi- 
ments to show that certain micro-organisms in the soil can assimilate 
gaseous nitrogen. It was known to botanists that the nodules on the 

»e.g. Th. Pfeiffer and E. Franke, Landw. Vm.-Stat., 1896, 46, 117; Thos Jamiewn, 
Aberdeen Res. Assoc. Repts.^ 1905-8; C. B. Lipman and J. K. Taylor, J. Franklin InsL, 

*924* P‘ 475-.. 

* Ztschr. Rubenzucker-’Ind., Beilageheft, 1888, 

1885,101, 775. 
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roots of leguiiunosae contained bacteria.^ Hellriegel and Wilfarth, 
therefore, supposed that the bacteria in the nodules assimilated gaseous 
nitrogen, and then handed on some of the resulting nitrogenous 
compounds to the plant. This hypothesis was shown to be well founded 
by the following facts: 

1. In absence of nitrates peas made only small growth and developed 
no nodules in sterilised sand; when calcium nitrate was added they 
behaved like oats and barley, giving regular increases in crop for each 
increment of nitrates (the discordant results of Table 3 were obtained 
on unsterilised sand). 

2. They grew well and developed nodules in sterilised sand watered 
with an extract of arable soil. 

3. They sometimes did well and sometimes failed when grown 
without soil extract and without nitrate in unsterilised sand, which might 
or might not contain the necessary organisms. An extract that worked 
well for peas might be without effect on lupins or serradella. In other 
words, the organism is specific. 

Hellriegel and Wilfarth read their paper and exhibited some of their 
plants at the Naturforscher-Versammlung at Berlin in 1886. Gilbert 
was present at the meeting, and on returning to Rothamsted repeated 
and confirmed the experiments. At a later date Th. Schloesing fils 
and E. Laurent® showed that the weight of nitrogen absorbed from the 
air was approximately equal to the gain by the plant and the soil, and 
thus finally clinched the evidence. 



Control 

Peas 

Mustard 

Cress 

Spurge 

Nitrogen lost from the air, 
mgm 

10 



-3-8 

-2-4 

Nitrogen gained by crop and 
soil, mgm. 

D 



2-0 

3-2 


The organism was isolated by M. W. Beijerinck® and called Bacillus 
radicicola, but is now known as Rhizobium. 

Thus another great controversy came to an end, and the discrepancy 
between the field trials and the laboratory experiments of Lawes, 
Gilbert and Pugh was cleared up. The laboratory experiments gave 
the correct conclusion that leguminous plants, like non-leguminous 

‘ This had been demonstrated by Lachmann (p. 1 7) and by M. Woronin (Mem. Acad. Seu 
St. Petersburg, 1866, ser. 7, io,_No. 6). J. Erikkon in 1874 (Doctor’s dissertation, abs. in> 
Baton. Z^., 1874, 32, 381) carried on the investigation, while G. Brunchorst in 1885 (Ber. 
Deut. Bat. Ges., 3, 241) gave the name “bacteroids”. 

* Ann. Inst. Pasteur, 1892, 6, 65. 

*Bot. Ztg -, >888, 46, 725, 741, 757; 1890, 48, 837. 
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plants, have themselves no power of assimilating gaseous nitrogen; this 
power belongs to the bacteria associated with them. But so carefully 
was all organic matter removed from the soil, the apparatus and the 
air in endeavouring to exclude all trace of ammonia, that there was 
no chance of infection with the necessary bacteria. Hence no assimi- 
lation could go on. In the field trials the bacteria were active, and 
here there was a gain of nitrogen. 

The general conclusion that bacteria are the real makers of plant 
food in the soil, and are, therefore, essential to the growth of all plants, 
was developed by E. Wollny^ and M. Berthelot.® It was supposed to 
be proved by E. Laurent’s® experiments. He grew buckwheat ,on 
humus obtained from well-rotted dung, and found that plants gi|ew 
well on the untreated humus, but only badly on the humus sterilised 
by heat. When, however, soil bacteria were added to the sterilised 
humus (by adding an aqueous extract of unsterilised soil) good growm 
took place. The experiment looks convincing, but is really unsound. 
When a rich soil is heated some substance is formed toxic to plants. 
The failure of the plants on the sterilised humus was, therefore, not 
due to absence of bacteria, but to the presence of a toxin. No one has 
yet succeeded in carrying out this fundamental experiment of growing 
plants in two soils differing only in that one contains bacteria while 
the other does not. 


The Rise of Modern Knowledge of the Soil, and the Return 
to Field Studies 


Further investigation of soil problems has shown that they are more 
complex than was at first supposed. Soils can no longer satisfactorily 
be divided into a few simple groups: sands, clays, loams, etc., according 
to their particle size; nor can attention be confined to the surface layer. 
It is necessary to take account of their history. The properties of a soil 
depend not only on its parent material but also, as shown by the 
Russian investigator V. V. Dokuchaev* in particular, on the climatic, 
vegetation and other factors to which it has been subjected. 

The relations of the plant to the soil are also recognised as highly 
complex. The older workers had thought of soil fertility as a simple 
chemical problem; the early bacteriologists thought of it as bacterio- 
logical. E. Wollny® and F. H. King® showed that the physical 


• Bied. J^bl. Agric. Chem., 1884, i-i, 706. 

188, 106,569. 

• mi. Acad. Belgique, 1886, 2, 128. See also E. Duclaux, C.R., 1885, xoo, 66. 

^ Tchernoz^me de la Russte d' Europe, St. Petersburg, 1883. 

1878^” students in Forschungen aiqf dm GebUte der Agrikultur-Pfysik, 

• Tile Soil, New York, 1899. 
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properties of the soil already studied by Davy and Schiibler play a 
fundamental part in soil fertility. Van Bemmelen showed that soil has 
colloidal properties, and present-day workers have observed in the soil 
many of the phenomena investigated in laboratories devoted to the 
study of colloids. Whitney and Cameron at Washington greatly 
widened the subject by revealing the importance of the soil solution 
and introducing the methods and principles of physical chemistr}% 
Russell and Hutchinson at Rothamsted showed that bacterial action 
alone would not account for the biological phenomena in the soil, but 
that other organisms are also concerned, and subsequent work in the 
Rothamsted laboratories and elsewhere has revealed the presence of 
a complex soil population, the various members of which react on one 
another and on the growing plant. 

The nature of the subject necessitates a departure from the usual 
procedure. In purely laboratory investigations it is customary to adopt 
the Baconian method, in which factors are studied one at a time, all 
others being kept constant except the particular one under investiga- 
tion. In dealing with soils in natural conditions, however, it is im- 
possible to proceed in this way: climatic factors will not be kept 
constant, and however careful the effort to ensure equality of conditions 
there is always the probability, and sometimes the certainty, that the 
variable factor under investigation is interacting with climatic factors 
and exerting indirect effects which modify or even obscure the direct 
effects it is desired to study. Hence, in recent years, statisticians have 
had to devise methods for dealing with cases where several factors are 
varying simultaneously. 

This increased interest in the soil has shown itself in two directions. 
The development of soil surveys has encouraged an enormous develop- 
ment of soil studies in situ’, and the introduction of modern statistical 
methods has given to field experiments a new value they completely 
lacked before. In the past, field experiments were always weakened by 
the unknown errors due to the circumstances that the soil of one plot 
was never strictly comparable with the soil of another. Modem 
methods of field plot technique have overcome this difficulty and yield 
results to which a definite value can be assigned so that the data can 
be utilised in further investigations. 



CHAPTER II 


THE FOOD OF PLANTS 

Green plants synthesise their food from simple substances taken out 
of the air and the soil. It is common to speak of these substances as 
the actual foods: in reality they are the raw materials out of which the 
food is made. Plants, like all other organisms, have their tissues bidlt 
out of carbohydrates, fats, proteins and nucleoproteins, and need tor 
the functioning of their tissues a host of enzymes. Hence the plant 
needs large quantities of carbon, oxygen, hydrogen, nitrogen, phos- 
phorus, and sulphur for building up its tissues; it needs small quantiti^ 
of at least iron, magnesium, manganese, zinc, copper and boron ami 
usually molybdenum for building up its enzymes; and it needs potas- 
sium, sometimes sodium, calcium, chlorine and often other electrolytes 
for these or other purposes. Other elements, such as silicon and alu- 
minium may be necessary, and are certainly present in the tissues of 
all plants grown in the field, though they have not been shown to have 
essential specific effects on the growth and development of the crop. 
Carbon dioxide and water are probably the sole source of carbon and 
hydrogen for most plants; ammonium and nitrate ions are an adequate 
source of nitrogen, though some leguminous and other plants can 
supplement these with nitrogen from the air; and the other elements arc 
usually taken up from the soil as simple inorganic ions. 

Carbon dioxide from the air and simple inorganic ions in the soil 
can certainly supply all the nutrients needed by the plant. But this 
does not prove that plants in the field obtain all their nutrients from 
these sources or that their growth may not be improved if they can 
take up complex substances of vitamin or hormone-like nature. Claims 
have, in fact, repeatedly been made that other sources of food are 
necessary if the crop is to make optimum growth, which is sometimes 
measured by crop yield and sometimes by improvements in its feeding 
value. In some conditions plants in fact obtain some of their food from 
other sources. The outer cells of their roots may contain fungal hyphae 
which ^tend around or even through the cells and into the soil. This 
association between root and fungus can be very strongly developed-— 
as, for example, on forest trees growing on poor soil — giving structures 
known as mycorrhizas, which are described in more detail in Chapter 
XIII. The fungus in this association transfers nutrients, in particular 
nitrogen and phosphate, from the soil to the root cells, handiTtg them on 

24 
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to these cells as comples substances. There is, however, no oitical 
evidence to show that this mechanism plays any important part in the 
nutrition of crops grown on normal arable soils. 

Many experiments have been made to see if the performance of a 
crop can be improved by supplying it either with vitamins or with 
plant hormones, but the results so far have been inconclusive. It is 
well established that isolated organs of a plant — such as excised roots 
— can only be grown in artificial conditions if some of the B vitamins 
are present, but this is no evidence that plants are unable to synthesise 
all the vitamins they need. There is, in fact, no well-established evidence 
that adding any vitamin or growth promoting factor to the soil ever 
improves crop production,^ or has any appreciable effect on the vitamin 
content of the plant. This is much more dependent on climate and 
possibly soil than on manuring. Vitamin C contents in particular seem 
to be high in years of bright sunshine.® 

The question whether farmyard manure owes its value as a plant 
food to any so far unrecognised nutrient, needed only in minute 
quantities, cannot yet be definitely answered, though the experimental 
evidence is against any such possibility. Provided the soil conditions 
around the plant roots — as measured by the air and water supply — are 
favourable, it appears that the value of farmyard manure — as measured 
by crop yield — depends only on the amount of nutrients it can supply 
in simple form to the crop. Naturally, the farmyard manure, itself often 
has an important role in creating a favourable air and water r<igime 
around the plant roots, but this effect is not of relevance to this parti- 
cular question. Farmyard manure can, however, be a very valuable 
carrier of some minor elements, and in particular additions of farmyard 
manure may be the easiest way of maintaining an adequate supply of 
available iron to the plant.® 

The second question — to which extravagant answers have been 
given by some workers — is whether the feeding value of the crop, either 
for animals or humans, is affected by the presence of farmyard manure 
or composts in the soil. The earlier experimental evidence on this 

*^For some evidence that vitamin B, may be of value, see J. Bonner and J. Greene, / 3 pt, 
G«., 1938, 100, 226, and 1939, loi, 491 ; but D. I. Amon, Set., 1940, 9a, 264; C. L. Hanuttr, 
Baf. Gai., 1940, loa, 156; W. G. Templeman and M. Pollard, Am. Bot., 1941, 5, 133; and 
D. B. Swartz, Bot. Gaz., 1941, 103, 360, were unable to confirm this. H. Lundei^brab, KgU 
Lmtbr. Akad. Tidikr., 1943, 82, 99, found some evidence that vitamin B, in the ^resenoe of 
phosi^ate and magnesium might be able to increase ^elds. For a ^ort review of the 
literature, see R. L. Starkey, fotf Sci., 19M, 57, 264. For some evidence that indolyl- or 
naphthyl-acetic acids may be of value, see G. P. McRostie el d., Canad. J. Res., 1938, z6 G, 
510, fev wheat, A. Dunez, C.R. Acad. Agrie., 1946, 32, 736, and 1947, 33 , 5^, for wheat and 
other farm crops, and H. L. Stier and H. G. du Bay, Pm. Amer. Soc. Hart. Sn., 1939, 36, 733, 
for tomatoes. R. L. Pearse reviewed this subject in /n^. Bva. Hart., Tedu Cemm. 12, 193^ 

* For cow-peas, M. E. Reid, Bull. Tanef Bat. Cl., 1943, 6a, S04; for tomatoes in En^ui^ 
F. Wokes et d., Hature, 1947, X59, 172. 

' J. Bonner, BoL Gat., 1^6, zo8, 267. 
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as 


point was ccmflicting, possibly because of imperfections in experimental 
technique, but the few recent accurate experiments that have been 
made have given no indication that the presence of farmyard manure 
or compost in a soil has any specific action in increasing the vitamin 
content^ or the nutritive value® of the plant. 

This result appears to be general, for fertilisers also seem to have 
little effect on the vitamin content of the leaves and roots of crops. 
However, the carotene and chlorophyll content of grass can be 
increased a little by nitrogen manuring,® as is shown by its darker 
green colour, and the carotene content of lucerne by boron under some 
conditions,* and of soybean leaves by phosphates.® On the other hapd, 
the concentration of vitamin G in the tissues of a crop is often soipe- 
what lowered by any manuring that increases the growth of the crop. 
Thus L. J. Harris and D. J. Watson® found that normal dressings of 
farmyard manure or sulphate of ammonia lowered the vitamin G 
content of potato tubers. Again, small potato tubers® tend to haw 
higher vitamin C contents than large, and slow-growing leaves of 
vegetable crops than fast growing. ® 

The plant needs its nutrients for three distinct but overlapping 
purposes. It must build its protoplasm and form all the enzymes needed 
for its vital processes and growth, it must build tissues to support and 
protect its protoplasm, and it must be able to transport nutrients from 
one organ to another. 

The plant’s supporting and protecting tissues are built out of poly- 
merised sugar residues such as celluloses, hemicelluloses and pectins, 
on the one hand, and lignins on the other, though the latter are 
typically formed as the tissues mature. They also contain inorganic 
constituents whose functions and chemical combinations are uncertain. 


Thus graminaceous plants — the grasses and cereals — accumulate 
considerable quantities of silica in their tissues. Further, many plants 
accumulate sugars or polymerised sugar residues, for example, starch 
and insulin, as a food reserve in their tissues, but other substances, 
such as oils and proteins, may also accumulate in them for the same 
reason. The enzyme systems in thfe plant are built up out of proteins 
and nucleoproteins, and thus contain large proportions of nitrogen and 
phosphate, with some sulphur. They also require certain metals and 
other elements, and unless the particular metal needed is present, the 

* For a review of this subject, see L. A. Maynard and K. C. Beeson, JVa<r. Abstr,, 1943, 
* 3 > ^ 55 * 


i. Simms and A. F. Morgan, Soil Sci,, 1947, 63, 129. 

4 ^"‘P- J- Agrie., 1938, 7, 935. 

W. L. Powers, Pfoc. Soil Sci. Soc. Amer., 1939, 4, 290, 

* W. J. Peterson et aL, Amer. Fert., 1048, No. 24. 

• Unpublished observations. 

’ Unpublish^ observations of J. Mciklejohn. 

® S. H, Wittiver, R. A. Schroeder and W. A. Albrecht, Soil Scu^ I945> 59» 329. 
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enzyme cannot funetion: only very rarely can that particular metal 
be replaced by another without destroying, or at least greatly 
weakening, the effectiveness of the enzyme. The liquid that transport 
the various nutrients throughout the plant, either from the roots, the 
green leaves or the storage organs, also contains inorganic ions. These 
may be nutrient ions, but they are also regulators of the osmotic pressure 
and hydrogention concentration in the protoplasm, and for these 
latter functions the particular anions or cations present are of minor 
importance. 

These considerations allow one to understand something about the 
total nutrient demands of the plant. Rapid growth can only take place 
when there is an adequate quantity of enzymes present, and hence 
after the plant has absorbed adequate quantities of the minerals 
necessary for their functioning. The maximum demand for these 
minerals therefore occurs when the plant is young, and the supply can 
be reduced later in the season; for as the cells in which the enzymes are 
situated age, much or all of these minerals can be transferred to new 
growing points to build new enzymes there. Further, if some of the 
minerals needed by the enzymes are in short supply, the older cells 
containing the enzyme may die prematurely and the limiting element 
transferred to the growing point. This need not affect the yield of 
cereals or root crops since it is food reserve material that is harvested, 
but it can severely limit the yield of pasture and forage crops which are 
grown for their green, and therefore actively functioning, leaves. Hence, 
these green crops must be able to obtain an adequate supply of all 
essential minerals throughout their growing season. 

These points are illustrated in Fig. i, taken from some work of 
A. E. V. Richardson and H. C. Trumble^ on the uptake of nutrients, 
and the rate of growth of barley. Nitrogen, phosphate, potassium and 
calcium are all taken up rapidly when the plant is small, as measured 
by the amount of dry matter present, but the rate of uptake falls when 
the plant is making its dry matter rapidly. The uptake of minerals, 
however, may continue even if the^ are not needed by the plant, for 
plants take up minerals because they are present in the soil solution, 
and this uptake goes on all through the active life of the roots. 

The concentration of cations in some plant tissues, such as the actively 
fimetioning leaves and the fruits, tends to be a characteristic of the crop 
and fairly independent of the soil and manuring. Thus D. J. Watson* 
quotes the results of leaf analyses made on the Rothamsted permanent 
mangold experiment for the six years 1878-83, which showed that the 
leaf contained between 300 and 360 milli-equivalents of cations (sodium, 
potassium, magnesium and calcium) per 100 gm. of dry matter 

’ J, Dipt. Agric, S. Just., 1928, 3a, 224. - Eap. J. Ejpt. Agrie. 1946, 14, 57. 
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when the manuring, and in consequence the actual composition of the 
bases present, was varied within wide limits. D. R. Hoagland and J. G. 
Martin^ found that tomato plants contained about 300 milli-equivalents 
of cations per 100 gm. of dry matter, although the potassium con- 
tent could vary from 25 to 150 railli-equivalents. Similarly, T. B. van 
Itallie^ found that Italian ryegrass contained about 200 milli-equiva- 
lents of cations per 100 gm. of dry matter in the leaf and F. E. 
Bear and A. L. Prince® found lucerne contained between 150 and 200 
milli-equivalents. 



Fig. I. Uptake of rmtrienis and production of dry matter in barley. 

This constancy, however, is not exact. In the first place young 
tissues and leaves tend to have a higher ionic concentration in them 
than the older, and in the second pjace plants growing in a soil with an 
appreciable soluble salt content often accumulate considerable quanti- 
ties of mineral salts in their tissues. As an extreme example some desert 
plants growing in saline soil can have between 20 and 50 per cent of 
their dry matter in the form of soluble salts, whereas most crops cannot 
accumulate more salts than 1-2 per cent of their dry matter.* 

KSoil Sci, 1935, 36, I. For further examples, see J. T. Cope, R. Bradficld and M. Pccch, 
Soil 1953, 76, 65. 

^Soil Sci., 1938, 46, 175. 

* J. Amer. Soc. A,^rofL, 1945, 37, 21 7; 1948, 40, 80. For additional data, F. E. Bear, Soils and 
Fertilizers, 4th cd. 

No Shukevich, Trans, Dokuckaev Inst,, 1939, 19, 
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In some plants minerals that are no longer needed for metabolic 
processes are removed from the active tissues and often from the plant. 
One method is for the excess minerals to accumulate in mature leaves, 
which then die. But there is also evidence that some of these minerals 
are excreted by the plant roots. Thus N. T. Deleano and his colleagues 
at Bucharest^ have shown that the total amount of potassium in the 
aerial parts of cereals and tobacco decreases towards the end of their 
growing season, and this potassium is presumably excreted into the soil 
as it does not appear in the portion of the root system they were able to 
separate. 2 Table 4 illustrates this effect for winter wheat growing on a 
heavy Essex clay,^ though only the aerial part of these plants has been 
analysed. The table also shows, what was not illustrated in Fig. i, 
that the silica content of the plant is almost directly proportional to the 
dry matter, and since towards the end of the season the dry matter 
is increasingly being formed in the grain, a portion of the plant low in 
silica, the silica content of the straw must be increasing during this 
period. 


TABLE 4 


Production of Dry Matter^ and Assimilation of Nutrients from the 
Soil by Wheat growing in the Open Field 
Weight in grams of substances in whole wheat plant grown in the field 



Before ear emergence 

After ear emergence 

1st 

Samp- 

ling 

(30,iv) 

2nd 
Samp- 
ling 
(21. y) 

3rd 

Samp- 

ling 

(4.vi) 

4th 

Samp- 

ling 

(I8.VI) 

5th 

Samp- 

ling 

(ivii) 

6th 

Samp- 

ling 

(l6.Vi!) 

7th 

Samp- 

ling 

(23.vii) 

8th 

Samp- 

ling 

(30.VII) 

9th 

Samp- 

ling 

(6.viii) 

Dry matter . 

770 

2970 

6190 

9510 

12270 

14350 

15060 

14730 

14210 

Nitrogen 

27 

55 

80 

90 

96 

110 

109 

109 

109 

Potassium 

26 

79 

140 

149 

121 

103 

94 

86 

75 

Calcium 

5-1 

12-8 

21-6 

25-6 

26-8 

26-5 

22-8 

220 

21-6 

Phosphorus . 

3-2 

10-5 

180 

24-4 

24-8 

270 

27-8 

27-8 

27-8 

Chlorine 

60 

151 

24-2 

28*8 

33-9 

30-5 

27-4 

23-6 1 

19-3 

Silicon , 

8 

40 

91 

12^ 

152 

199 

206 

209 

207 


^BioL d, Pflanz., 1932, 19, 249; 1933; 20, 179; 1936, 24, 19; also V. G. Bossic, Dissert, d, 
Pharm, Fak. Bukaresty 1934. 

* I. D. Sayre, Plant Physiol., 1948, 23, 267, found the same result with maize. 

®F. Knowles and J. E. Watkins, J. Agric. Sci., 1931, 21, 612. For another example, see 
E. K. Woodford and A. G. McCalla, Canad, J. Res., 1936, 14 C, 245. 



CHAPTER III 


THE INDIVIDUAL NUTRIENTS NEEDED BY 

PLANTS 


In the following discussion a brief account will be given of the effects 
of the various nutrients on crop growth. It will usually be assumed 
that all nutrients are present in adequate supply except the one under 
discussion. The field symptoms of the various deficiencies will not (be 
described, as full descriptions with coloured plates will be found! in 
several standard works. ^ Nor is it relevant to the general purpose \of 
this book to discuss in any detail the physiological functions of ihete 
nutrients in the plant. 1 


NITROGEN 


Nitrogen is essential for plant growth as it is a constituent of all 
proteins and hence of all protoplasm. It is generally taken up by plants 
either as ammonium or as nitrate ions, but the absorbed nitrate is 
rapidly reduced, probably to ammonium, through a molybdenum- 
containing enzyme. The ammonium ions and some of the carbo- 
hydrates synthesised in the leaves are converted into amino acids, 
mainly in the green leaf itself. Hence as the level of the nitrogen supply 
increases compared with other nutrients, the extra protein produced 
allows the plant leaves to grow larger and hence to have a larger 
surface available for photosynthesis, and in fact over a considerable 
range of nitrogen supply for many crops the amount of leaf area 
available for photosynthesis is roughly proportional to the amount of 
nitrogen supplied. 


This effect of nitrogen in increasing leaf growth is not its only effect 
on the leaf, for the higher the nitrogen supply the more rapidly the 
synthesised carbohydrates are converted to proteins and to proto- 
plasm and Ae smaller the proportion left available for cell wall 
material, which is mainly nitrogen-free carbohydrates such as calcium 
pectate, cellulosans, cellulose and low-nitrogen lignins. 

This effect of nitrogen in increasing the proportion of protoplasm to 
ce l wall material has several consequences. It increases the size of the 
ce s an gives them a thinner wall, hence makes the leaves more 

It also increases the proportion of water* and 

London, >944. 

example wahmangclcba.RotWd,.ec§.jS^^^ 
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decreases that of calcium^ to dry matter: the former because proto-* 
plasm has more water and the latter because it has less calcium than 
cell wall material. Excessive amounts of nitrogen give leaves with 
such large thin-walled cells that they are readily attacked by insect and 
fungus pests and harmed by unfavourable weather such as droughts 
and frosts. A very low nitrogen supply on the other hand gives leaves 
with small cells and thick walls, and the leaves are in consequence 
harsh and fibrous. The nitrogen supply has one other noticeable effect 
on the leaf: it darkens the green colour. The leaves of plants growing 
with a low level of nitrogen compared with other nutrients are pale 
yellowish to reddish green, which darken rapidly as the nitrogen supply 
increases and become very dark green when it is excessive. Further 
increasing the nitrogen supply to the leaves tends to keep them green 
for a longer time, and in many cereals it increases the length of the 
growing season and delays the onset of maturity (see p. 33) presumably 
also through its effect in keeping the free carbohydrate content of the 
leaf low. 

Crops grown for their carbohydrates, such as the root crops and the 
cereals, thus only benefit from nitrogen manuring through the in- 
creased leaf area brought about by the nitrogen, so that the additional 
yield of carbohydrate is usually less in proportion than the increase in 
leaf area. The root crops show this elfect most strikingly when the 
length of the growing season is varied. Thus a high level of nitrogen 
manuring mainly affects the tops on a crop which is only in the ground 
for a short time, such as white turnips, but has a very considerable 
effect on both tops and roots on a crop that is in the ground for a long 
time, such as mangolds, as is shown in Table 5. Late sown sugar-beet 
also sometimes responds to nitrogen manuring by making a very large 
increase in leaf growth which is accompanied by a very disappointing 
yield of root. 

The cereal crops of the temperate regions — wheat, barley, oats and 
rye — grown for grain and not for fodder, only require a moderate 
supply of nitrogen, for too high a level leads to excessive straw, as 
shown in Table 6 and in Plate I.* These show the yield and the 
appearance of the wheat crop grown on Broadbalk at Rothamsted — 
a field that has been in wheat almost continuously since 1843, and the 
manuring of the plots has been continued unaltered for a long time. 
The plots shown in Plate I have been manured as follows: Plot 2, 
14 tons per acre annually of farmyard manure and Plot 3 unmanured, 
both since 1843; Plots 5, 6, 7, 8 and 16 all have received annually 
cwt of superphosphate, 200 lb. potassium sulphate, 100 lb. of 
magnesium sulphate and 100 lb. of sodium sulphate per acre since 

^ Tor a review of ilic lilcralurc, see K. C. Beeson, BoU Rev,^ 194^* xa, 424. 
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TABLE 5 


Relative Proportions of Roots and Leaves at Harvest under Nitrogenous 
manuring (Rothamsted) 

Yields In tons per acre 


Nitrogen in 
manuring 
lb. per acre 

Rapidly growing crop 

Slow growing crop^ 

White 

: turnips 

(1845-8) 

Nitrogen in 
manuring 
lb. per acre 

Mangolds (1906-10) 

Roots 

Leaves 

Roots 

Leaves 

Roots 

Leaves 

Roots 

Leaves 

L 

None 

8-20 

2-70 

3-04 

None 

5-29 

1-14 

msm 

47 

9*90 

4-30 

2*30 

86 

17-91 

3-80 

A-n 

137 

10-25 

6-15 

1-67 

184 

29-32 

6-20 

Lil 


1852 (Plot 16 since 1885) and annual dressings of ammonium sulphate 
or sodium nitrate to give 45, 90, 135 and 90 lb. per acre of nitrogcp 
since these dates. The excessive development of straw on some of 
these plots induces a liability of the crop to lodge, and the very high 
nitrogen dressing on Plot 8 may delay the time the wheat comes to 
maturity. 

TABLE 6 

Effect of Increasing Nitrogen Supply on the Growth of Wheat, 
Rothamsted, 1852-64 


Nitrogen in manure, 
lb. per acre 

Yields in 1000 lb. 
Grain 

per acre 

Straw 

None 

1-06 

1-86 

43 

1-68 

3-03 

86 

218 

4-28 

129 

227 

4-78 

172 

2-29 

5-22 


In practice, however, these harmful secondary effects can be minimised 
by using suitable stiff short-strawed varieties, for, under most English 
conditions, the amount of nitrogen a crop will stand is determined by 
the onset oi these secondary effects rather than by the extra yield of 
grain due to the high manuring ceasing to be economic. These harmful 
effects, in the case of the cereals, can also be minimised to some extent 
W ^Ppiyitig the high level of nitrogen as late as possible to the crop, 
for D. J. Watson^ found that delaying the time at which the nitrogen 

some caution, for the relative weight of leaves at 
thTgr^ri^ treatments may nut accurately reflect their relative weights during 

* J- ^gric. Scu, 1936, 26, 391. 
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tap dressing was applied barely affected the increment in the grain 
yield due to the manure, but it appreciably reduced the increment in 
the straw yield. 

The results given for the effect of nitrogen manuring on the cereals 
of the temperate region — that high nitrogen delays maturity of the 
crop and encourages growth of the straw relative to the grain — is not 
true for some tropical cereals such as maize and the sorghums, for with 
them a high level of nitrogen manuring has just the opposite effect: it 
hastens the time of flowering and maturity and increases the grain 
yield relative to the straw. This last point is illustrated in Table 7 , 

TABLE 7 

The Effect of Increasing the Nitrogen Supply on the Yield of tAaize, 
Rice and Wheat in the Nile Delta 
(Abu Hammad, 1935 and 1936) 


Yields of grain and straw in hundredweights per acre 


Nitrogen 
supplied 
lb. per acre 

Maize 

Rice 

Wheat 

Grain 

Straw 

Grain 

Grain 

Straw 

Grain 

Grain 

Straw 

Grain 

Straw 

Straw 

Straw 

0 

151 

38-6 

0*39 

34-2 

40-3 

0-85 

185 

27-8 

0-67 

33 

260 

42-3 

0-61 

41-4 

490 

0-84 

26-2 

42-3 

0-62 

66 1 

33‘8 

39-8 

0-85 

440 

Shi 

0*86 

30-6 

52-5 

0-58 

99 

357 

A\e 

0-86 








derived from the results of some field experiments made on the same 
farm in the Nile Delta by F. Crowther and his associates.^ The yield 
of maize grain can be more than doubled by the nitrogen without the 
yield of straw being appreciably affected, whereas the result with wheat 
is comparable with that obtained at Rothamsted and illustrated in 
Table 6 . Rice in this area is intermediate between these two, 
nitrogen manuring having almost no effect on the ratio of grain 
to straw, although in parts of India it behaves like wheat.® The 
sorghum dura in the Sudan Gezirah behaves like maize,® and other 
sorghums, the millets, cotton and sunflower have been stated to 
do likewise, whilst soybeans and buckwheat may behave like rice.* 

The effect of nitrogen fertiliser on the nitrogen content of the crop 
depends both on the responsiveness of the crop and on the time the 
nitrogen is given relative to the development of the crop. If the nitrogen 

^ Roy, Agric, Soc, BgypU Btdl, 28, 1937. 

* R. L. Sethi, K, Ramish, and T. P. Abraham, Ind, Coum, Agric, Rcs.j BuR, 38, 1952. 

^Agricuiiure in the Sudan, ed. J. D. Tolhiil, London, 1948, p. 474. 

* M. H. Cailahjan, C,R, Acad, Sci, US.S,R,, 1945, 47, 146. P. Growtlicr Agrk, Soc, 
Egypt, Bull, 3], 1937} showed that nitrogen manunj^ hastened the time oi^ flowering of 
cotton. 

8,C.— 3 
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fertiliser greatly stimulates crop growth, the nitrogen content of* the 
fertilised crop, expressed as a percentage of its dry or fresh weight, will 
often decrease, although the total uptake of nitrogen per acre will 
increase, as is shown in Fig. 2.* This is because the extra dry matter 
which the added nitrogen stimulates the plant to produce has a lower 
nitrogen content than that produced by a nitrogen-starved plant. As 
the level of nitrogen supply increases, however, this stimulating effect 
grows smaller, so the uptake of nitrogen is increasing relative to the 
additional production of dry matter due to it: the nitrogen content of 
the dry matter in the crop now begins to rise. But this rise only becomes 



Nitrogen supplied 

Fig. 2. The eflect of increasing the nitrogen supply on the dry matter produced by mustard 

and on its nitrogen content. 


appreciable when the growth of the crop ceases to respond economically 
to the additional fertiliser. 


Nitrogenous fertilisers can often be made to increase the nitrogen 
content of the crop more economically if they are given sufficiently 
near harvest for the crop to absorb much of the added nitrogen, but 
for the synthesised proteins not to have time to increase the growth of 
the crop appreciably. Thus, by adding a nitrogen fertiliser to a meadow 
one to three weeks before it is cut, the protein content of the hay will 
be increased though the yield of hay will barely be affected.^ During 
the war the Germans® also experimented with this method of converting 


a example with barley, sec E. J. Russell, Alin. Agtu., Bull. 28, 2nd ed., 1933. 

V Jr*- Walter, Ohio Agric. Expt. Sta., Bull. 603, A. H. Lewis, 

’ ‘ 94 '’ 9 - 43: W- S. Fe^giSin, J. Agric. Sci., 

3a” fe ‘ 94 «> »o. « 94 ^. 26, .37, 151; « 943 . 
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nitrogen fertilisers into protein by applying them to cereal or potato 
crops at flowering time; they found nitrates were more efficient than 
ammonia, and that dressings of 40 lb. of nitrogen per acre, or 2 cwt. 
of nitrate of soda, gave substantial increases in the protein content of 
the crop. 

The average response of crops to additional nitrogen under normal 
English agricultural conditions is shown in Table 8.^ It shows that on 
the average i Ib. of nitrogen, as sulphate of ammonia, gives about i lb. 
of protein and 10 to 15 lb. of starch equivalent.^ These nitrogen 
responses differ from those to potash and phosphate in being relatively 
independent of climate if the rainfall lies between 22 and 40 inches, but 
they are reduced in years of considerable drought or excessive rain. 

TABLE 8 

Increase in the Amount of Crop and Food Value obtained by using 
28 Ib. of Nitrogen ( I ‘2 cwt. of Sulphate of Ammonia) per acre 


Average values for North European conditions 


Crop 

Crop 

cwt. per acre 

Protein equivalent 
Ib. per acre 

Starch equivalent 

Ib. per acre 

Potatoes 

17 

16 

360 

Kale .... 

35 

52 

360 

Swedes . . , • 

42 

31 

330 

Mangolds 

56 

22 

360 

Sugar-beet roots . 

18 



3001 


Sugar-beet tops 

20 

221 

^34 

190 J 


Cereal grain . 

4 

311 


3001 

.400 

Cereal straw . 

6 

6, 

100 , 

Meadow hay . 

6 

31 


210 



Plants can take up their nitrogen either as ammonium or as nitrate 
ions, and most plants probably can use either equally easily. The main 
difference between these two ions is that all the nitrate in the soil is 
dissolved in the soil solution, whils^if the soil contains much clay or 
humus, much of the ammonium will be present as an exchangeable 
cation and hence not in solution. Perhaps for this reason a nitrate 
fertiliser is more rapid acting than an ammonium as it would be 
present in a higher ionic concentration round the plants’ roots. But in 
most arable soils, added ammonium ions are rapidly oxidised to nitrate, 
so no matter what form of nitrogen is given, nitrate is the only form 

^ Based on E. M. Crowtlier and F. Yates, Emp. J. Expt. Agric,^ 9, 77* other British 

data, see D. J. Halliday, Jealotts Hill Res, Sta,, Bull, 6, 1948. 

* 100 lb, of nitrogen, the amount contained in 1,550 cubic feet of air — the volume of a 
fair-sized living-room — as sulphate of ammonia can provide enough additional food to feed 
one person for a year. 
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present in appreciable concentration in the soil solution for the plant 
to take up. 

Crops that respond to nitrogen manuring commonly take up and 
fix in their mature tissue between one-third and one-half of the nitrogen 
added as sulphate of ammonia, and a rather higher proportion of 
nitrogen added as nitrate; the remainder is lost to the crop and usually 
to the soil, probably being washed out into the subsoil during wet 
weather, though its fate has not been too well determined (see p. 315). 

PHOSPHORUS 

Phosphorus, as ortho-phosphate, plays a fundamental role in the 
very large number of enzymic reactions that depend on phosphorwa- 
tion. Possibly for this reason it is a constituent of the cell nucleus and 
is essential for cell division and for the development of meristem tissiie. 
Its concentration in these tissues can be demonstrated very beautifully 
if some radioactive phosphorus P^^ is mixed with the main phosphorus 
nutrient supply. This radioactive phosphorus behaves exactly like 
ordinary phosphorus in the plant, except in so far as its radiations may 
harm the plant tissues if it is present in too high a concentration. 
These radiations, however, will affect a photographic plate so that this 
phosphorus can be made to register its position. A radio-autograph of 
the phosphorus in a young barley plant is reproduced in Plate II, 
and it shows very clearly that the actively growing meristematic leaf 
and root cells contain far more phosphorus, in fact from several 
hundred to several thousand times more, than the cells that have 
ceased to divide.^ 

Phosphate deficiency is very widespread in the world, and in many 
countries such as Australia and South Africa crop production is limited 
over enormous areas by phosphate supply. In the British Isles phos- 
phate deficiency can be very marked on many of the Jurassic clays of 
the English midlands, on the acid Millstone grits of northern England 
and in large areas of Northern Ireland.® Further, in Great Britain 
crops are, on the whole, more responsive to phosphate fertilisers in the 
higher rainfall areas of the west than in the drier regions of the east;^ 
though whether this is due to the crops having a higher phosphate 
demand in wet years, or whether this result is purely a reflection of the 
tendency for the soils in the moister regions to be more acid, and there- 
fore stronger fixers of phosphate in an unavailable form (see p. 510), 
than those in the drier areas has not been determined. 

Phosphate deficiency differs from nitrogen deficiency in being 

^ R. S. Russell and R, P. Martin, Sature^ ^949* 163, 71. 

* For an excellent description of cases occurring here, see Scott Robertson, 7 . Min* Agrk, 
Aorthern Ireland, 1927, i, 7. w o 

® £. M. Crowthcr and F. Yates, Emp, J. Expt. Agric*, 1941, 9, 77. 
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extremely dif&cult to diagnose, and crops can be suffering from severe 
starvation without there being any obvious signs that lack of phosphate 
is the cause. By the time the deficiency has been recognised it may 
be too late to remedy it in annual crops. Thus wheat and barley take 
up much of their phosphate in the early stages of their growth, and 
starvation at this period cannot be rectified by a good supply later. ^ 

Cereals suffering from phosphate starvation are retarded at every 
stage of their life-history, from the emergence of the second leaf to the 
time of ripening. They have a stunted root system and an even more 
stunted leaf and stem; the leaf colour is a dull greyish-green, a red 
pigment is often produced in the leaf bases and the dying leaves, and 
the tillering and the number of tillers bearing seed are depressed. On 
the other hand, except in extreme cases, the ratio of grain to straw is 
not affected. On soils badly deficient in phosphate, phosphatic ferti- 
lisers hasten the ripening processes, thus producing the same effect as 
a deficiency of water, but to a less extent. This ripening effect is well 
shown on the barley plots at Rothamsted: crops receiving phosphates 
are golden yellow in colour while those on the phosphate-starved plots 
are still green. 

Certain indirect effects also follow: the ear of barley emerges from 
its ensheathing leaves a few days in advance of those receiving insuffi- 
cient phosphate, and therefore has a better chance of escaping attack 
by the larvae of the gout fly {Chlorops Usniopus Meig.), which, hatching 
from their eggs on the top of the topmost leaf, crawl downwards seeking 
the ear for food. 

Root crops suffering from severe phosphate shortage are also very 
stunted, and the effect of added phosphate can be spectacular. As a 
matter of history the early workers were so impressed with the great 
increase in the yield of roots obtained by phosphatic fertilisers that 
they assumed the phosphate had a specific action in encouraging root 
development, yet the permanent mangold field at Rothamsted (Bam- 
field) shows, in fact, that potassium increases the ratio of roots to tops 
far more than phosphate, and even, the potassium effect is probably 
mainly a reflection of the early increase of leaf area.* Phosphate seems 
to increase leaf area without affecting the power of the leaves to 
transport carbohydrates to the roots, and it thus differs from nitrogen 
manuring, which also increases leaf growth but reduces their power 
of sending carbohydrates to the roots. Thus heavy nitrogen manuring 
of sugar-beet usually reduces the sugar content of the beet somewhat, 
although it may increase the amount of sugar produced per acre very 
considerably. All the experimental evidence available is in accord with 

* W. F. Geridce, Bol. Gat., 1925, 80, 410; W. E. Brenchley, Ann. BoU, 1929, 43, 89. 

• D. J. Watson and E. J. RusseU, Etnf>. J. Exf^. Agric., 1943, n, 49, 65. 
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this generalisation, and the statements made that crops respond 
especially well to dressings of phosphate on heavy soils is only a reflection 
of the low phosphate status of many English clay soils, and is not due 
to the power of phosphates to mitigate the effects of deficient aeration. 

Excess of phosphate over the amount required by the crop sometimes 
depresses crop yield. ^ This usually occurs on light soils in dry years 
and has been attributed to the hastening of the maturation processes 
and consequent reduction of vegetative growth. 

Plants take up their phosphorus almost exclusively as inorganic 
phosphate ions, probably principally as the H2P04"" ion, 2 for they may 
take this up more easily than the HP04”". Other phosphates besides 
ortho-phosphate act as phosphatic fertilisers, as for example meta- apd 
pyro-phosphates and, though it has not yet been rigorously demo\i- 
strated, it is probable that these anions are hydrolysed to the ortho- 
phosphate before being absorbed.® Plants are, however, relatively 
inefficient users of phosphates in the field, for rarely more than 20 tb 
30 per cent of the amount supplied as fertiliser is taken up. 

SULPHUR 

Sulphur is an essential constituent of many proteins and occurs also 
in the oils produced by certain plants such as the mustard oil of the 
Brassicae. 

One of the first deficiency diseases due to lack of sulphur to be 
recognised as such was tea yellows, which occurs in parts of Nyasaland;^ 
but some of the most striking improvement in the yield of farm crops 
have been obtained with lucerne. There is a large region in the centre 
and west of the United States and extending into Canada, where yields 
of lucerne in particular, and other leguminous crops to a less extent, arc 
limited by the amount of sulphates given in the fertiliser, and increases 
of yield ranging from 50 per cent to tenfold can be brought about by 
dressings of 2 to 4 cwt. of g>^psum per acre.^ There are also considerable 
areas in Australia and New Zealand, and probably in Africa, where the 
growth of legumes is limited by a l^ck of sulphur. 

POTASSIUM 

Potassium is one of the essential elements in the nutrition of the 
plant, and one of the three that are commonly in sufficiently short 

* For instances, see E. J. Russell, J. Imt. Brew., 1923, 29, 631 (barley); J. C. Wallace, 

J* *926, 3a, 893; Rothamsted Conf. Repts,, No. 16, 1934 (potatoes). 

C. E.^ Hagen and H. T. Hopkins, Plant Physiol.^ I955> 30, 193. 

* McGeorge, Arizona Agric. Exp, Sla.^ Tech, Bull, 82, 1939. 

H. H. Storey and R. Leach, Ann. Appl. Biol., 1933, 23. 

® See, for example, F. J. ^way (Minnesota), Proc. ist Int. Congr, Soil Sci., Washington, 
J 927 » 3 s 590; W. Crocker, Soil Sci,, 1945, 60, 149; Rept. Min, Agric, Dm. Canada, 1945, 91. 
For the effect of sulphur on the growth of clover in Florida, sec R. W. Bledsoe and R. E. 
Blaser, J. Amer. Soc, Agron,, 1947, 39, 146. 
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supply in the soil to limit crop yield; hence it often needs to be added 
regularly in the fertiliser. Potassium differs from nitrogen and carbon, 
however, in not being a constituent of the plant fabric. It seems to be 
important in the synthesis of amino acids and proteins from ammonium 
ions, for plants growing in solutions high in ammonium and low in 
potassium can have their tissues killed by the high concentration of the 
ammonium ions that accumulate in them under these conditions.^ It is 
interesting to note that the only other element known that can replace 
potassium in this function is rubidium.^ It is also probably important in 
the photosynthetic process, for potassium shortage in the leaf is commonly 
considered to lead to low rates of carbon dioxide assimilation,^ though 
D. J. Watson^ has been unable to confirm this on crops grown on 
the Rothamsted farm: it increased the leaf area and might put up 
the efficiency of assimilation slightly, but its effect was variable and 
always much smaller than that of nitrogen. But a discussion on 
the general effects of potassium deficiency is complicated by the fact 
that they depend so much on the relative concentration of other 
elements, particularly sodium and calcium in the plant tissues.® 

In the field the potassium supply in the soil may be adequate for 
crops growing under conditions of a low nitrogen and phosphorus 
supply, but become inadequate if these are increased. Hence, signs 
of potassium starvation are often seen when only nitrogenous and 
phosphatic fertilisers are given to a crop; and the most characteristic 
sign is the premature death of the leaves. 

When nitrogen and potassium are simultaneously in short supply, 
the plants are stunted, their leaves are small and rather ashy-grey in 
colour, dying prematurely, first at the tips and then along the outer 
edges, and the fruit and seed is small in quantity, size and weight. 
These effects are general, and are seen on all soils, but best on light 
sandy or chalky soils and on certain peaty soils; and it is on these soils 
that potassic fertilisers are most likely to act on all crops. With large 
supplies of nitrogen relative to potassium, on the other hand, the leaves 
are large but relatively inefficient ph9tosynthesisers; hence an abnormal 
concentration of nitrogen compounds compared to carbohydrate occurs 
in the leaf, leading to various undesirable effects, such as the greater 
liability of these leaves to fungus and bacterial diseases, and to a 
reduced resistance against damage by drought compared with those 
receiving more adequate dressings of a potassium fertiliser. Thus 
potassium acts as a corrective to the harmful effects of nitrogen, and 

‘ T. W. Turtschin, Pfianz- Dimg.y 1934, A 34, 343; M. E. Wall, Soil Sci., 1940, 49, 393, 

® F. J. Richards, Arm* BoL, 1941, 5, 263, who us^ barley plants. 

* F. G. Gregory with F. J. Richards, Ann, Bot,, 1929, 43, 119; with E. C. D. Baptiste, ibid., 
1936, 50, 579; O. Eckstein, Plant Physiol,, 1939, 14, 113. 

* Ann. BoU, 1947, ii, 375. 

* For a discussion of these effects, sec F, G. Gregory, Atm, Rev. Biockem,, 1937, 6, 557. 
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is therefore often required for crops receiving high levek of nitrogen 
manures. 

An adequate supply of potassium in the leaf is probably essential 
for the photosynthetic process to go on efficiently, and results, such as 
those given in Table 9» have been used to demonstrate the truth of 
this statement. This table gives the weight of mangold tops and roots 

TABLE 9 

Action of Potassium Salts on the Yield of Mangolds 


Barnfield, Rothamsted, 50 years, 1876-1928* 
Yields in 1,000 lb. per acre 




Roots 



Leaves 

— r 

Nitrogen supplied in manure, 
lb. per acre 

none 

86 

184 

none 

86 

184 

Series^ .... 

0 

A 

AC 

0 

A 

AC 

No potassium salts® 

tool 

1501 

21-26 

2-35 

5-85 

7-37 

With potassium sulphate, 
500 lb. per acre 

903 

30-24 

50-51 

2-08 

6-29 

11-65 


at harvest obtained on certain plots at Rothamsted, some of which 
receive potassium, but all of which receive phosphate. It shows that 
with moderate dressings of nitrogen, given as sulphate of ammonia, 
potassium doubles the weight of roots, but has only a small effect on 
the yield of tops. One cannot argue, however, that this increase was 
necessarily due to the greater efficiency of the leaves, for D. J. Watson* 
has shown that the potassium increased the size of the leaves in the 
early part of the growing season, though this effect had disappeared by 
harvest, and that this initial increase was sufficient to account for the 
differences in the yield of roots without having to assume any effect of 
potassium on the efficiency of photosynthesis. 

A result entirely similar to mangolds is found with sugar-beet. The 
results of a large series of manurial experiments carried out over the 
sugar-beet areas of Great Britain are given in Table lo.® Nitrogen alone 
depresses the sugar content, potassium increases it and phosphate has 
no effect, though these experiments, like that in Bamfield, cannot 

^Excluding 1885 when nitrogenous fertilisers were not applied owing to poverty of crop, 
and 1908 and 1927 when the crop failed. 

* Series A as 400 lb. ammonium salts to 1915; 412 lb. sulphate of since. Scries 

AC as Scries A, but in addition 2,000 lb. rape cake. 

* Series 5 and 6 respectively. Each receives 3J cwt. per acre of superphosphate each year. 

1947, II, . 375 - 

E. M. Crowther, Roth, Expt. Sta, Kept,, 1939-45, revised to include later data. 
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furnish the information required for their correct physiological in- 
terpretation. 

Crops differ greatly in their responsiveness to potassium. Many fruit 
trees — apples, gooseberries, red currants — need ample supplies of 

TABLE 10 


The Effect of Fertilisers on the Yield of Sugar-beet 
Great Britain, 1934-48 (359 experiments) 



Mean yield 

Response to 

Sulphate of 
ammonia 

Superphos- 

phate 

Muriate of 
potash 

4 cwt. /acre 

6 cwt. /acre 

2J cwt. /acre 

Roots, tons per acre . 

11-2 

1-2 

0-4 

0-5 

Sugar, per cent . 

17-3 

-0-4 

0-0 

0-2 

Sugar, cwt. per acre . 

38-8 

3-S 

1-5 

2-i 

Tops, tons per acre . 

9-5 

2-7 

0-3 

0-3 


potassium for good cropping; beans and potatoes among British field 
crops, and tomatoes among the glasshouse crops, arc all very respon- 
sive. Leguminous pasture plants — clovers and lucerne — also seem to 
need adequate supplies of potassium, particularly if they are to compete 
successfully with grasses;^ and for lucerne in addition potassium increases 
its winter hardiness, possibly because it encourages the plant to store 
more carbohydrate and protein in its root system.® 

Excess potassium in the soil, as brought about by too high a level of 
potassium manuring for example, will reduce very considerably the 
amount of other cations the crop can take up (see p. 66), and this may 
lead to crop growth being badly upset by these induced deficiencies 
of other cations. 

CALCIUM 

Calcium appears to be essential for the growth of meristems, and 
particularly for the proper growth and functioning of root tips. It is 
also present as calcium pectate, which is a constituent of the middle 
lamellae of the cell walls, and possibly for this reason it tends to 
accumulate in the leaf.® 

Calcium deficiency typically occurs on very acid soils, though the 

For the Rothamsted experiments on this point, see J. B. Lawes and J. H. Gilbert, PML 
j'rans., 1900, xgz B, 156; W. E. Brenchley, Memuring ^ Grasslmdfor Hay, London, 1924. 

• L. F. Graber et al., Wisconsin Agrk. Expt. Sta., Res. Bull, 80, 1927. 

• For a review of the calcium nutrition of plants, see F. Ketst^-MOnster, ForsehDiensK, 
*938. 5 » 48> and eight p^>ers in Soil Set., 19^, 65, i-iaS. 
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harmful effect of acid soils is often due to causes other than calcium 
deficiency; but it appears to occur also on some alkaline soils low in 
calcium but high in sodium. In general, however, farm crops are rarely 
limited by lack of calcium alone, though in this country during the 
war, cases of potatoes suffering from calcium deficiency were not 
uncommon on newly ploughed-up common or waste lands if the land 
had not previously been limed. The calcium status of acid soils 
undoubtedly is one of the factors that complicates the easy prediction 
from the pH of the soil alone whether a soil needs liming before a given 
crop can be grown on it. 

Calcium deficiency appears to have two effects on the plant: it 
causes a stunting of the root system and it gives a fairly characteristic 
appearance to the leaf. Calcium deficiency also may have an indirect 
effect on the plant by allowing other substances to accumulate in tne 
tissues so much that they may either lower the vigour or actually 
harm the plant. Thus a good calcium supply helps to neutralise th'ip 
undesirable effects of an unbalanced distribution in the soil of nutrients 
and other compounds that can be taken up by the plant. 

High levels of calcium in a soil, such as occur, for example, in some 
calcareous soils, have no direct harmful effect on most crops, but they 
may have several undesirable secondary effects. A high level depresses 
the uptake of magnesium and potassium; and in particular, calcareous 
soils typically require high levels of potassic fertilisers, a fact very well 
known on the thin chalk soils of southern and eastern England. 

MAGNESIUM 

Magnesium is needed by all green plants as it is a constituent of 
chlorophyll. It also seems to play an important role in the transport 
of phosphate in the plant, and possibly as a consequence of this it 
accumulates in the seeds of plants rich in oil, for the oil is also accom- 
panied by an accumulation of lecithin, a phosphate-containing fat.^ 
Thus the phosphate content of a crop can sometimes be increased to a 
higher level by adding a magnesiqm rather than a phosphatic fertiliser, 
and it is for this reason that magnesium silicates, such as finely ground 
serpentine^ or olivine,® are sometimes added to superphosphate to 
increase its effectiveness. 

Magnesium deficiency often occurs on acid sandy soils that are also 
deficient in calcium, and it is then rectified by using a dolomitic instead 
of a purely calcareous limestone. But it can also be induced by unbal- 
anced manuring, such as by an excessive use of potassium fertilisers 

^For a symposium on the role of magnesium in plant nutrition, see Soil Sci,^ 1947, 63 
1-28. 

! O- Askew, New Zealand J. Set. Tech., 1942, 34 B, 79, 128. 

D. U, Druzhinin, ^tsekr, Pflanz* Dung,y 1936, 45, 303. 
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(p. 66), or by the repeated use of grass mulches,^ and these are commoD 
causes of the magnesium dchciency that can sometimes be seen on 
orchard trees, tomatoes, tobacco, cotton and sugar-beet. This induced 
deficiency is very dependent on season and does not always reduce the 
yield, but can be cured, if it is really necessary to use such large dressings 
of potassic or sodium fertilisers, by adding soluble magnesium salts to 
the soil or, better still, by spraying them on the crops. 

SODIUM 

Sodium does not seem to be an essential element for any crop, even 
for salt marsh plants, yet certain crops undoubtedly grow better in the 
presence of available sodium supplies than in their absence, the sodium 
in these cases appearing to carry out some of the functions that potas- 
sium usually fulfils. Crops can be divided into four groups with respect 
to their relative needs of sodium compared to potassium: some need 
sodium for optimum growth, some benefit if available sodium is present, 
some can tolerate part of their potassium supply being replaced by 
sodium and some can make no use of sodium even if the potassium 
supply is restricted. Table ii® shows the groups into which various 


TABLE II 

Effect of Sodium applied as a Nutrient on several Crops 


Degree of benefit in deficiency of potassium 

Degree of benefit in sufficiency of 
potassium 

1. None to very slight 

2. Slight to medium 

3. Slight to medium 

4. Large 

Buckwheat 

Barley 

Cabbage 

Celery 

Lettuce 

Broccoli 

Kale 

Mangold 

Maize 

Brussels sprouts 

Kohlrabi 

Sugar-beet 

Potato 

Carrot 

Mustard 

Swiss chard 

Rye 

Cotton 

Radish 

Table beet 

Soybean 

Millet 

Rape 

Turnip 

Spinach 

Oat 



Strawberry 

Pea 

• 


Sunflowers 

Tomato 



Whfte bean 

Wheat 




agricultural crops are believed to fall, though the grouping may depend 
somewhat on climatic conditions. 

The role of sodium in the last group of plants is not known, though 
one of its effects is to increase the succulence of the plant, that is, the 
amount of water held by unit dry weight of leaf tissue. This may be 

^ J. B. D. Robinson and E. M. Chcncry, J, Exp, Agric,, 1958, 26, 259* 

2 Taken from P. M. Harmer and E. J. Bennc, Soi/ Sci,, 1945, 60, 137. 
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the reason why it appears to increase the drought resistance of these 
plants. It also increases the leaf area of sugar-beet.^ F. J. Richards^ 
suggests another role of sodium in helping crops such as barley to grow 
in a potassium-deficient soil is that it prevents an accumulation of other 
cations that may be toxic to the plant, for a deficiency of one cation 
leads to an accumulation of others. 

Sugar-beet and mangolds are probably the most sodium-demanding 
crops grown in western Europe, and although they need a reasonable 
potassium supply if they are to make proper growth, yet once this 
minimum supply has been provided, they require a good supply of 
sodium if they are to give satisfactory yields. Thus in a large series of 
manuring experiments on sugar-beet conducted throughout England 
during 1940-5,® the yield of sugar per acre was about 37 cwt. in the^ 
absence of potassium or sodium in the fertiliser used; it was increased . 
by 2-8 cwt. an acre by 2 cwt. of muriate of potash, by 5*1 cwt. per acre 
by 5 cwt. of agricultural salt, and by 5-5 cwt. by the potash and salt 
together. Thus, here there is a definite need for sodium, and given the 
sodium there is no need for potassium; but in its absence potassium 
can in part take its place. 

There is very little evidence that adding sodium salts to a soil 
increases the availability of the soil’s potassium supply, nor in fact is 
there any theoretical reason to think that sodium ions are more powerful 
extractors of potassium from soils than are actively growing roots or 
root hairs. 


silicon 


Great importance was attached by the older plant physiologists to 
silicon in the nutrition of the cereals and grasises, it being supposed to 
give strength to the straw.* Field experiments at Rothamsted disproved 
this view, neither barley straw nor grass being strengthened by manur- 
ing with sodium silicate. Certainly these crops contain much silicon in 
their dry matter, and, as can be seen from Table 4 on p. 29, the silicon 
content of wheat grown on a clay soil increases linearly with the dry 
matter. The function the silicon plays in these crops is not known, 
though F. Wagner® found crops grown without soluble silica were 
much more susceptible to mildew than those that had soluble silica 
available. 

^ Manuring the soil with sodium silicate can, however, increase crop 
yields on soils deficient in phosphate, as is shown in Table 12 for barley 


• p' Biochem,, 1944, 13, 61 1. 

* E. M. Crowther, SrU. Sugar-Beet Rev., 1947, 16, 19 

>94^60! '3?'" '946, 9 , i; G. J. Raldgh, Soa Sci., 

'Phytopath. ^Ischr., 1940, tz , 427. 
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Effect of Silicates on the Growth of Barley, 1864 - 1900 . Rothamsted 


Yield of Dressed Yield of Straw, D«tio Total Grain 
Grain, bushels cwt. Straw 


Nitrate only . 

Nitrate + phosphate 
Nitrate -f- potassium salts 
Nitrate -f- phosphate + 
potassium salts . 


without with without 
Silicate Silicate Silicate 

27- 3 33-8 16-2 

42-2 43-5 24-6 

28- 6 36-4 17-9 

41-2 44-5 25-3 


with 

Without 

With 

Silicate 

Silicate 

Silicate 

19-8 

85- 1 

86-6 

25-8 

87-2 

85-8 

21-7 

80-6 

850 

27-6 

82-7 

82- 1 


at Rotliamsted. This result was later obtained for oats in water cultures 
by C. Kreuzhage and E. Wolff.^ The phenomena were studied by 
A. D. Hall and C. G. T. Morison,® who concluded that silicates act 
by causing an increased assimilation of phosphoric acid by the plant, 
the seat of action being in the plant and not in the soil. O. Lemmer- 
mann® and R. A. Fisher,* however, showed that the main effect of the 
silicate was to increase the amount of phosphate available in the soil, 
and that any other effect of silicate is of much less importance. 

Great interest was taken in this problem, both in Germany and 
Japan, because it seemed at one time to open up both the possibility 
of replacing some of the imported phosphates by home-made silicates. 
So far the hopes have not materialised.® 


CHLORIDES 

Chlorides are taken up by most plants from the soil solution, and 
there is no evidence that any soils are so deficient in chlorides for crop 
failures to occur for lack of it, nor is there any evidence that crops 
would fail if chlorides were completely absent from the soil. 

Some crops, however, often respond to additional dressings of 
chloride, for example, barley, luteme and tobacco. Thus small 
dressings of chlorides appear to increase the yield and improve the 
texture of the tobacco leaf without aflecting its burning qualities, 

^ Landw. Vers,>‘Stat.y 1884, 30, 16 1. 

* Proc. Roy, Soc., 1906, 77 B, 455. See also W. E. Brenchley, E, J, Maskcll and K. Warington, 
Ann, Appl, Biol,, 1927, 14, 45. 

* Ztschr, PJlanz. Diing,, 1929^ A 13, 28, This contains a critical review. 

* J. Agrk, Set,, 1929, X9, 132. 

* For further information, sec O. Lcmmcrmann and H. Wiessmann, Zl^chr, PJlanz. Diing,, 

1922, A I, 185; D. S. Jennings, Soil Scu, 1919, 7, 210; Th. Pfeiffer, Mitt. Deut, Landw. GeselL, 

1923, 196; P. L. Gile and J. G. Smith, J, Agrk, Res,, 1925, 31, 247; W. Kruger and G. 

Wimmer, Bkd 1928, 57, 414; 1927, 127; H. Wiessmann, Zl^^* 

Pflanz. Diing,, 1925, A 4, 73. 
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though larger dressings, which still increase the yield, lower this 
quality.^ 

There is no strong evidence that chloride has any specific effect on 
plant growth, though it may sometimes hasten maturity. Its main 
function, for which, however, it is not specific, is as an osmotic pressure 
regulator and a cation balancer in the cell sap and in the plant cells 
themselves. 

In natural conditions plants receive measurable quantities of chlorides 
(chiefly sodium chloride) in the rain, and the amount is greater in the 
wetter western parts of the country than in the east. At Rothamsted 
the amount of chloride brought down averages 16 lb. per acre pet 
annum and fluctuates between 10-3 and 24'4 lb.;® it comes chiefly i^ 
the winter months. But nearer the sea the amounts become very high)j 
rising , according to N. H. J. Miller’s determinations in rain-water from 
the Hebrides,® to: 



Annual 

rainfall 

in. 

Chlorine 
per acre 
lb. 

Laudale 

76-89 

168-5 

Butt of Lewls^ . 

40-57 

6884-0 

Monarch . 

47-21 

2723-0 

Barrahead^ 

33-93 

5753-0 


Trace Elements in Plant Nutrition 

Plants need very small quantities of certain elements — the so-called 
trace or minor elements — for their nutrition, and these include iron, 
manganese, zinc, copper and boron, whilst molybdenum is beneficial 
under some circumstances. These elements are called trace elements, 
because only very small quantities, ranging from a few ounces to a 
few pounds per acre, are usually needed by the crop; and in fact C. S. 
Piper and A. Walkley® estimate tl\at a full crop of oats only removes 
about I oz. of copper, 1-2 oz. of zinc and 7 oz. of manganese, compared 
with 7 lb. of phosphorus per acre. But it must be realised that there is no 
sharp distinction between elements needed in large and small quantities, 
magnesium and sulphur being two good examples of intermediate 
elements for many crops. The literature on trace elements is now very 
extensive, and the reader should refer to recent books and reviews for 
more detailed discussion on their role in plant nutrition. 

^ J. Amer. Soc. Agron., igag, ai, 113. 

* E. J. Rmsell and E. H. Richards, J. Agric. Sci., igig, 9, 309. 

*J. Scottish Met. Soc., 1913, 16, 141. * Collected at 70 feet above sea-leveL 

‘ Collected at 620 feet above sea-level. * Aust. J. Counc. Sci. Ittdusl. Res., 1943, 16, at 7. 



THACE ELEME^ITS AND PLANT NUTRITION 47 

A shortage one or more of these elements usually, but not always, 
affects the appearance of the plant, giving the leaves a chlorotic, bronzed 
or mottled colour, or altering its habit of growth, or causing the 
death of the growing points, so giving the plant a rosette appearance. 
Plants suffering from trace-element deficiencies need not show any 
symptoms of the deficiency at all — except in so far as growth is not as 
good as it might be, or they may only display symptoms for a short 
period in the growing season. Sometimes the symptoms are sufficiendy 
characteristic for the deficiency to be diagnosed visually,^ but often 
they are so indefinite, or even suppressed altogether, that they can only 
be diagnosed by chemical tests, either by analysing the minerals in the 
leaf tissue or by applying small quandties of any element suspected of 
being deficient to selected leaves or shoots of the plant. 

Deficiencies of the trace elements need not be made good by adding 
the deficient element to the soil: it is often more economical either to 
spray it on the leaves of the plant, or, if it is a tree, to insert pellets 
containing it under the bark in the trunk. Further trace element 
deficiencies often occur in soils which contain adequate quanddes of 
the element, but in a form unavailable to the plant. Under these 
condidons the deficiency cannot usually be made good by adding some 
of the element to the soil. In general, increasing the acidity of the soil 
by any means, such as placement of sulphur near the plant for example, 
will increase the availability of all the trace elements except molyb- 
denum. As a corollary, if an acid soil is suspected of having any trace 
element in minimal quanddes, liming that soil may easily induce a 
deficiency of that element. Trace-element deficiencies have the 
characteristic that their severity on a given soil depends very strongly 
on the season, hence the climate affects either the trace element require- 
ments of the crop or else the availability of their compounds in the soil 
to the crop. 

On many soils, plants suffer from a deficiency of a number of 
elements simultaneously, though they may only show the symptoms of 
one, or even of none of them. An observation of W. A. Roa^® illus- 
trates the complexities arising in such a soil. Potatoes growing on a 
marsh soil in Kent showed symptoms of manganese deficiency which 
were cured by spraying with manganese, though this did not affect the 
yield of the crop. The crop was, however, also suffering from zinc 
deficiency although no symptoms whatever of this were visible; spraying 
with zinc improved the yield slightly, but spraying with zinc and 
manganese gave a very considerable increase in yield and obviously 

* For coiout reproductions of some of these symptoms, see Hunger Signs in Crops, cd. G. 
Hambidge, Washington, 1941; T. Wallace, The Diagnosis of Mineral D^iencies in Plants, 
London, 1943, and Suppletnent, 1944. 

Mailing Res. Sta. Ann. Rept., 1945, 29, 83. 
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rectified the main cause of the low yields. Roach considers that the 
yields of many of our orchards are unnecessarily low because of a 
combined deficiency of several of these elements, none of which is 
severe enough to cause any visible symptoms. Again, plants can have 
their vitality lowered by shortages of trace elements without any 
symptoms of deficiency showing. 

Trace elements have another characteristic; namely, that they are 
normally all very poisonous if present in the soil in an available form 
in more than very small amounts. Hence, it is very dangerous to apply 
them indiscriminately at more than very light dressings; though if 
concealed trace-clement deficiencies are found to be widespread it wifi 
obviously become important to discover just how high a concentration 
of a mixture of them can be applied indiscriminately without harmin|; 
the crop. 


IRON 


Iron deficiency typically shows up as a chlorosis, particularly on 
calcareous soils, but not all calcareous soils induce iron chlorosis, and 
crops differ markedly in their susceptibility to this trouble. Fruit trees 
and bushes are the crops of most economic importance to be affected 
in England; but the calcifuge leguminous plants, such as yellow and 
blue lupins and serradella, as well as many conifers, are also strongly 
affected. Iron-deficiency chlorosis can also be induced as a result of 
potassium deficiency, and by over-manuring with phosphates on neutral 
or calcareous soils; it also occurs on soils high in available zinc and 
under some conditions high in available manganese and copper.^ 
Lime-induced chlorosis is the commonest of the iron-deficiency 
chloroses, and it is also one of the most difficult deficiencies to cure. 
It is probable that the trouble lies both in the inability of the plant to 
extract sufficient iron from the soil and also in an appreciable propor- 
tion of the absorbed iron being in combinations unavailable to the 
plant cells for their metabolism; for chlorotic leaves do not necessarily 
have a low total iron content thpugh they have a low soluble iron 
content. The chemical characteristic of these leaves is that they have 
a very high potassium and a rather low calcium content, and, in fact, 
young, chlorotic leaves may cause such a drain on the potassium supplies 
in the plant that the older leaves will suffer from potassium deficiency 
as a result. This chlorosis cannot yet always be controlled in practice. 
Farmyard manure and composts can sometimes be used to carry iron 
in a form available to the plant, but resistant to immobilisation in the 
soil, grassing down the land between orchard trees and mowing it 


subject, see T. WaJlarc and E. 
W. U, chapman, Ann, Rev. Biochem.y 1945, 14, 709. 


J. ilcwitt, J. PomoL, 1946, aa, 153; 
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r^;ularly, leaving the mown grass on the ground, sometimes cures it, 
but is a method that is not always applicable: spraying with iron 
sulphate or inserting pellets of iron citrate or tartrate may also help. 
The trouble is now usually cured, if it is economically justified, by using 
a suitable iron chelate.^ 

Iron deficiency can be induced if a crop is growing on a soil contain* 
ing too high a concentration of many metallic ions. Thus cobalt, 
copper, chromate, zinc, manganese and lead can all cause plants to 
show symptoms of iron deficiency as well as those of specific toxicity 
of these ions.® The trouble is sometimes due to an immobilisation of 
iron within the leaves themselves, for the plant leaves have a very high 
iron content, yet the trouble can be ciured by repeatedly spraying the 
crop with iron sulphate. Thus, this trouble occurs on some of the zinc- 
rich soils derived from the dolomitic limestone in the Mendips,® and 
also can be caused by the use of industrial sewage sludges high in zinc, 
and can sometimes be cured by liming, though this, in turn, may induce 
manganese deficiency. 

MANGANESE 

Manganese deficiency typically occurs on calcareous or newly limed 
peats, particularly if the water table is high, though it can also occur 
on some neutral sandy soils and light loams. It can be easily induced 
by over-liming sandy podzolic and garden soils rich in organic matter. 
It rarely if ever occurs on acid soils. Many crops are susceptible: oats 
in particular among the cereals, potatoes, peas and to a less extent 
beans, sugar-beet and related crops, and many fruit crops and tung 
trees. Oats suffer from grey-speck disease, sugar-beet from a yellows, 
and peas from marsh spot. 

Manganese deficiency occurs in crops growing on soils that contain 
adequate quantities of manganese for the crop, but in which the man- 
ganese is present in a form unavailable to it. Unfortunately the factors 
controlling the availability of the soil’s manganese are not fully under- 
stood. Probably only divalent mapganese is available to the plant, 
but this merely puts the question back to the soil factors that control the 
proportion of manganese present in the divalent form, a question which 
is discussed on p. 516. 

The main factor so far recognised that controls the availability of 
manganese in the soil is the pH. The more acid the soil the greater is 
the availability of the manganese,* and indeed the first harmful effect 

* See, for example, D. G. Hill-Cottingham and C. P. Uoyd-Jones, Plant and Sail, 1957, 8, 
363; 1958, o, 189; 1959, 10, 194. 

* E. J. Hewitt, Jyature, 1948, *61, 489; Long Ashton Ann. Rep., 1948, 66. 

* T. Wallace and E. J. Hewitt, J. Pomt,, 1946, 22, 153. 

* See, for example, H. J. Snider, Soil Ski,, 1943, 56, 187. 
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of too low a soil on some crops is the toxic effect of the large amount 
of manganese the plant takes up' (see p. 523). In this respect it differs 
from the other trace elements, for it is the only one that can accumulate 
in plant tissues in quantities far higher than are necessary for optimum 
growth. Hence, one method of reducing manganese deficiency in a soil 
is to make the soil more acid, as, for example, by the use of sulphur, or 
under some conditions of large quantities of ammonium sulphate. ^ It 
is also possible that a second cause of manganese deficiency may 
be that some soil bacteria, or some bacteria on the plant roots, oxidise 
the divalent manganese in the root zone of the crop.^ 

Manganese has several functions in the plant. It is a constituent of 
some respiratory enzymes, probably sometimes in association with iron, 
and of some enzymes responsible for protein synthesis. A good man- 
ganese supply may also sometimes help counteract the effect of poof- 
aeration. llius under conditions of poor aeration and low manganese, 
nitrates are a better source of nitre^en than ammonium ions, as the 
oxygen in the nitrate can act as a hydrogen acceptor in the respiration 
processes of the cells. But D. I. Amon^ showed that increasing the 
manganese supply to the root under these conditions had a much larger 
effect in increasing the growth of the plant (which was barley in his 
experiments) when ammonium rather than nitrate ions were the source 
of nitrogen. Manganese may also be concerned with the nitrogen 
metabolism of the plant. Thus S. G. Heintze® found that on fields 
where the levels of the different forms of soil manganese were fairly 
uniform, plants developed manganese deficiency symptoms most 
strongly on those parts of the field where the available nitrogen (actually 
the nitrifiable nitrogen, see p. 518) was highest, and this was not due 
to any extra growth the higher level of available nitrogen caused. On 
the other hand, plants suffering from manganese deficiency appear to 
have a higher concentration of nitrates and of most plant amino acids 
than normal plants, which suggests that manganese plays some role 
either in the synthesis of a particular amino acid, or of proteins from 
amino acids.® 

The dressings of manganese required to effect control of these 
deficiency diseases depends on the method of control practised. 
Manganese deficiency induced by over-liming can often be cured by 
spraying as little as i~2 lb. per acre of manganese sulphate, but rates 
of 5-20 lb. per acre are commoner for sprays; and up to 40-50 lb. per 
acre for incorporation in peat soils. 

1 M. J. Funchess, Alabama Agric, Exp. Sta., Bull. 201, 1918; H. G. M. Jacobson and T.R. 
Swanbank, J ^ Am^. Soc . Agron., 1932, 24, 237; T. Wallace et aL, Nature, 1945, 156, 778; 
J. n. Hale and S. G. Hcintze, ibid., 194G, 157, 554. 

* D. W. Goodall, J. PomoL, 1943, 20, 136, for apple trees. 

® F. G. Gerretsen, Ann. Hot., 1937, i, 207. * Sail Sci., 1937, 44, qi. 

J. Agnc. Sci., 194G, 36, 227. « E, J. Hewitt tl aL, NiHure, 1949, 163, 681. 
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ZINC AND COPPER 5I 

ZINC 

Zinc-deficiency diseases are of great importance on many orchard 
soils in the U.S.A.; citrus, deciduous fruits, pecans and tung plantations 
all suffer in several areas, and in Florida maize and perhaps other 
crops in addition. Zinc-deficiency diseases typically show up in climates 
having bright sunlight, are usually restricted to heavy soils or to sandy 
soils containing peat, and are most pronounced in slightly acid or 
neutral soils. Zinc deficiency has not been considered of any economic 
importance in European crops, because zinc-deficiency symptoms have 
not been recognised here. But W. A. Roach’s observations,^ already 
quoted, on the response of many crops on some marshland soils of Kent 
which show no visible signs of zinc deficiency to additions of zinc, 
suggests that its importance here may have been under-estimated. 

Plants differ markedly in their power of extracting zinc from the 
soil. On the zinc-deficient soils of Florida native weeds seem to be far 
better collectors of zinc than planted crops: L. H. Rogers, O. E. Gall 
and R. M. Barnette ^ found that native weeds growing on fallow land 
contained on the average 140 p.p.m. of zinc in their dry matter whilst 
a cover crop of crotalaria only contained 4-11 p.p.m., and they sug- 
gested that the best way of preparing the land for maize is to allow these 
native weeds to cover the land and then plough them in before the 
maize is sown. In the same way lucerne, which appears to be a strong 
extractor of zinc, is a valuable cover crop in orchards suffering from 
zinc deficiency, whenever it can be grown without competing with the 
trees for water or other nutrients. 

The power of a plant to extract zinc from the soil also depends on 
the extensiveness of its root system. Thus 2dnc deficiency can occur in 
citrus trees growing on some heavy soils because the trees cannot form 
an extensive enough root system to tap a sufficiently large volume of 
soil from which to extract their zinc. It can be cured in these cases 
by growing crops that are efficient extractors of zinc and ploughing 
them in as green manures. 

There is some evidence^ that zinc (deficiency can sometimes be caused 
by the soil micro-organisms competing with the plants for the small 
quantities of available zinc present. 

COPPER 

Copper deficiency typically occurs in crops growing on newly 
reclaimed peats in Europe and the eastern States of the U.S.A., 
causing the so-called Reclamation Diseases.^ But it has also been 

^ £. Mailing Res, Sta. Ann, Rept., 1945, 29, 83. ^ Soil Scu^ 1939, 47 > 237. 

® W. H. Chandler, Bot. Gaz^, 1937» 98, 625. 

* For an account of these diseases and their cure in Holland, see VV. J, Melchers and H. J. 
Gerritsen, Koper als Onmisbaar Element voor Plant en Dier, Wageningen, 1944. 
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found on some sandy and gravelly soils in Australia and South 
Afiica. 

Copper appears to have two quite separate functions: one directly 
concerned with plant nutrition and one with the condition of the soil. 
Its function as a nutrient lies in its being a constituent of some enzymes, 
such as the oxidation-reduction enzyme polyphenol oxidase. 

Its function in neutralising a harmful condition in the soil can 
be surmised from the fact that the quantity of copper sulphate that 
must be added to a soil to get maximum crop yield varies a hundred* 
fold. Thus 250 lb. per acre of copper sulphate are commonly used 
in the Florida Everglades,^ about 50 lb. on some European add 
10 lb. on some Michigan peats, ^ about 25 lb. on some calcareous sanqy 
soils in South Australia® that apparently contain ample copper but l|n 
an unavailable form, and lowest of all, 2 1 lb. per acre is the reconi* 
mended dressing, and 10 lb. is harmful, on some sandy soils in Western 
Australia.® W. S. Smith® suggested that the role of copper in the copper- 
deficient peats was to precipitate or inactivate certain toxins present in 
the peat, which he believed he had isolated. 

In soils where the role of copper appears to be mainly as a nutrient, 
i.e. where low dressings only are required, it is possible that there is 
an interaction between the need for zinc and for copper, in the sense 
that crops may respond to zinc if copper is also given, but not if it is 
withheld.® Also, in these same conditions it is possible that copper 
responses are larger in hot, dry summers than in cool, moist ones.® 

MOLYBDENUM 

Molybdenum is another element now known to be needed for 
the growth of some plants in the field, but it differs from the other 
elements so far mentioned in that plants can probably be growm per- 
fectly satisfactorily without it, provided their nitrogen supply is present 
as ammonium ions. Plants grown without a molybdenum supply in the 
presence of nitrates accumulate nitrates in their tissues and the molyb- 
denum is apparently essential lor fhe nitrate-reducing enzyme.® Again 
leguminous plants are unable to fix nitrogen in the absence of an 
adequate molybdenum supply, and in fact every nitrogen-fixing 
organism so far recognised requires molybdenum for this process. 

^ O. C. Bryan, J. Amer, Soc. Agron.^ 1929, 2X, 923. 

® R. L. Lucas, Proc. Soil Sci. Soc. Anter.f 1946, 10, 269. 

® D. S. Hicernan and C. M. Donald, J. Depl. Agric. S. AuU.. IQ3Q, 4Z^ QW* 

A J- Agric. IV. Amt.y 1942, 19, scr. 2, 71, 242. 

* Wagriiingcn, 1927. 

® I'or Michigan peat soils, see R. 1'., Lucas, Proc. Soil Sci. Soc. Amer., 1946, XO, 269. 

Again lor Michigan peals, sec P. M. Harincr, Proc. Soil Sci. Soc. Amer., 1946, 10, 284. 
lie also gives a list of the responsiveness of different crops to copper shortage. 

Sec for example, E. G. Mulder, Plant and Soil, 194B, i, 94; E. J. Hewitt et aL, Nature, 
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Molybdenum deficiency in the field was first recognised in Australia,* 
New Zealand and Tasmania,® and the crops first proved to need 
molybdenum were the clovers. Leguminous plants could only be grown 
on some of these acid sandy soils if they were given a dressing of between 
i and 2 lb. per acre of either ammonium or sodium molybdate; and 
cases have been reported of clovers responding to similar dressings of 
molybdenum in Europe.® 

Molybdenum deficiency has also been recognised in the field on non- 
leguminous crops such as cauliflowers, where it gives a deformity 
known as “whiptail”,* and it has also been produced in a number of 
other crops, such as tomatoes® and lettuce* by growing them in water 
or sand cultures, but none of the laboratory examples so far found are 
inconsistent with the assumption that the sole function of the molyb- 
denum is concerned with nitrate utilisation in the plant. 

BORON 

Boron would appear to be essential for all plants in greater or less 
degree. A shortage of boron typically affects the meristem or actively 
dividing tissues, so that characteristic symptoms of boron deficiency 
are death of the growing points of shoot and root, failure of flower buds 
to develop, disintegration of the vascular tissue and breaking down and 
blackening of the softer tissues. In the field, deficiency is shown in 
various ways, as in the heart rot of sugar-beet, “raan” of swedes, 
cracked stem in celery and browning in cauliflower. Boron deficiency 
does not necessarily indicate an actual shortage of boron in the soil; 
it may be present yet unavailable to the plant. It can be induced 
by over-liming, and it also shows up more strongly in dry than in wet 
seasons. The condition can be remedied by the addition of 10-12 lb. 
per acre of borax to the soil, heavier dressings usually being harmfiil 
unless the soil has been over-limed. It cannot usually be rectified by 
spraying a soluble borate on to the plant. 

The primary role of boron appears to be concerned both with the 
uptake of calcium by the roots and .with its efficient use in the plant, 
and sometimes the one and sometimes the other process first limits 
growth at low boron concentrations.’ This was first demonstrated by 
W. E. Brenchley and K. Warington® for broad beans (Vida faba), and 
has been confirmed for a number of other crops. It also appears to 

' A. J. Anderson, J. Ausi, Inst Agric. Sd., 1942, 8, 73. 

*E. F. Fricke, Tasm, J. Agdc., 1943, 14, 69; 1944, 15, 65; 1945, x6, I. 

•H. Bortcls, ArcL Microbiol., 1937, 8, 13; K. A. Dmitriev, Kbim. SotsiaL 1938, 

No. 10, 80. 

^W. Plant, J. Hort Set., 1951, 26, 109. 

* D. I. Amon and P. R, Stout, Plant PhysioL, 1939, 14, 599. 

• K. Warington, Ann, AppL BioL^ 1946, 33, 249. 

’ For a symposium on this, sec Soil Sd., 1944, 57. 

Bot, 1927, 41, 167; 1934, 48, 743. 
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have a secondary role in broad beans, in which plant it was first 
recognised as an essential nutrient by Warington,^ for an adequate 
boron supply is essential for the vascular system in the root to throw 
off branches to supply the nodule bacteria with carbohydrate,* so 
preventing them from becoming parasitic. 

The importance of boron for plant development is sufficiently well 
recognised to make it a usual practice in some places to incorporate 
a small amount of borax with the fertilisers for sugar-beet, tobacco, 
turnips and doubtless other crops also. J. J. Lehr* has outlined the 
boron relations in plants and soil in a thesis drawing special attention 
to its importance for brassica crops, tomato and maize, and has al^o 
indicated the possible lowering of the boron status of many soils owing 
to the increasing difficulty of obtaining organic fertilisers, the greatelr 
purity of many of the inorganic fertilisers, and the frequent substitution 
of sulphate of ammonia for Chilean nitrate, which has a high boron 
content. 

The supply of available boron can be readily washed out of soils, 
hence boron deficiency is typically found on highly leached soils. On 
the other hand, marine sediments are usually well supplied with it. 
Boron, like most other minor elements, should be supplied to the soil 
in small frequent dressings, to minimise any risk of the toxic effects of 
too high a concentration. 


Trace Elements In Animal Nutrition 


Animals have not quite the same trace-element needs as plants.^ 
Thus all animals require iodine, though iodine-deficiency diseases have 
rarely been reported among livestock. They need iron, manganese, 
copper and zinc, as do plants, but do not seem to require boron. Cattle 
and sheep, however, need cobalt, an element not apparently required 
by plants. Normally, if pastures cannot adequately supply the trace 
clement needs of the grazing animals, these can be met either by giving 
the animals licks or drenches containing the missing trace element, or 
by mixing these in with the main fertilisers, usually with the super- 
phosphate given to the pastures. 

The difference between the trace-element requirements of plants and 
animals can be seen in the effects of different hill grazings on the 
Ariftiness of the sheep they carry. Thus, it is probable that sheep do 
letter on some of the heather grazings than on the improved leys because 
the heather herbage is richer in trace elements.* The substitution 


* Ann. Dot., 1923, 37, 629. 

2 W. E. Brcnchlcy and H. G. Thornton, Proc. Roy. Soc., 1925, q 8 B, 373. 
^Thesis. De Betekenis van borium voor de plants Utrecht, iqao. 

B. 1 homas et a/., Emp. J. Expt. Ague., 1945, 13, 93. ^ 
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of improved leys for the unimproved heather may require either 
the sheep or the land being given additional amounts of the more 
important trace elements, if any benefit is to be reaped from the 
increased amount of herbage produced. 

The two main trace-element deficiency diseases in animals are due 
to copper and cobalt. Copper deficiency can occur in cattle grazing 
on copper-deficient pastures; but it can also occur on pastures appar- 
ently adequately supplied with copper for reasons which are not 
fully known, although in part the copper in these forages appears to be 
unavailable to the animal, and in part to be induced by a high sulphate 
or molybdenum content.^ Thus teartness in pastures appears to be a 
molybdenum-induced copper deficiency, for the pastures giving this 
trouble have a herbage abnormally high in molybdenum. These 
troubles are ameliorated by feeding the animals extra copper. 

Cobalt is needed by ruminants in much larger quantities than by 
non-ruminants, probably to help with the fermentation of food in the 
rumen, for the cobalt must be given by the mouth or as a pellet in the 
rumen — it is no use injecting it into their bodies. Many poor pastures 
all over the world are now known to have too low a cobalt content 
for sheep or cattle to thrive on them. In Great Britain these are 
mainly found on some hill pastures, and the sheep suffer from a disease 
known as pine. Dressings of ^ to 2 lb. per acre of a cobalt salt are 
applied to the pastures and the effect lasts about three years. In New 
Zealand, where the soils are very deficient in phosphate also, it is 
usually applied mixed with superphosphate. 

Animals can suffer from other deficiency diseases besides those due 
to trace elements. Thus, in parts of South Africa the herbage has such 
a low content of phosphate that the animals grazing on it suffer from 
acute phosphate starvation (see p. 462), Again, sheep need a fairly high 
content of available sulphur in their herbage to produce wool, as wool 
contains a high proportion of cystine, a sulphur-containing amino 
acid. The spring flush of good pastures on soils low in available sulphur 
can give a fodder too low in sulphur for the sheep, with a consequence 
that the quality of the wool falls — the wool becomes brittle and breaks 
easily. 

Pasture plants can, however, contain sufficiently high concentrations 
of some elements in their tissues to be definitely harmful to animals 
feeding on them. The best known example is probably selenium in the 
United States. Prairie and range plants growing on seleniferous soils 
are not affected by the selenium, and some species can accumulate 
very large amounts; but animals feeding on these prairies may suffer 
severe selenium poisoning. Similarly, pasture grasses and clovers on 
^ See, for example, C. F. Mills, J, Sci. Food Agric.y 1957, 8, S 88. 
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some of the heavy Lower Lias clays of southern England may accumu- 
late concentrations of molybdenum^ that can seriously harm calves 
and young cattle grazing them. These are the teart pastures already 
mentioned in the paragraph dealing with copper-deficiency diseases. 

The relation between the minerals composing the soil and the health 
of livestock grazing on the pasture or range can thus be very close. 
Thus the cobalt content of a rock tends to follow the magnesium content 
— their ions are of a similar size, hence hill grazings on granitic rocks, 
low in magnesium, tend to induce pine in sheep, whilst those on rocks 
well supplied with serpentine will be healthy.® Again, since some 
plants are much better extractors of these elements than others, tl^ 
botanical composition of the herbage,® and because of this the way tlw 
grazing is managed, can affect the health of the stock markedly. ' 

* W. S. Fergtjson, A. H. Lewis and S. J. Watson, J. Agric. Set., 1943, 33, 44. 

'For examples, see E. B. Kidson, J. Soc. Chm. Indtut., 1938, 57, 95; R. L. Mitchell, 
Pm, Jvutr. Soc,t 1944, i, 183. 

'For examples of the power of plants to concentrate rare earths, see W. O. Robinson, 
Sotl Set., 1943, 56, I. 



CHAPTER IV 


QUANTITATIVE STUDIES ON PLANT GROWTH 

Attempts have been made in the past to find mathematical expressions 
for the relationship between the quantity or concentration of plant 
nutrients present and the growth of the crop, and in particular its 
yield. Two types of solution of this problem are possible: 

1. A hypothesis is set up which seems to fit the facts; it is expressed 
by an equation and this is then applied to the experimental data. 

2. The experimental data are studied by statistical methods and 
an empirical equation or regression formula is fitted thereto, with no 
assumption or hypothesis as to the underlying causes. 

Owing to the complexity of the problem — plant growth is dependent 
on so many factors — no general solution can be expected by either 
method. The first procedure has, in fact, been far more widely followed, 
and has been of more practical utility than the second. 

A number of different hypotheses have been put forward on the 
relationship between the amount of plant nutrient or other factors 
affecting plant growth and the growth or yield of the plant. One of 
the earliest was due to Liebig, who expressed it as the Law of the 
Minimum: the amount of plant growth is regulated by the factor 
present in minimum amount and rises or falls according as this is 
increased or decreased in amount. The relation between plant growth 
and the amount of the limiting nutrient present in the soil can, there- 
fore, be represented as a curve such as is shown in Fig. 3: growth 


Limitation 



Fig. 3. General relation between any particular nutrient or growth factor and the amount of 

growth made by the plant. 
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increases with additions of the Umiting factor unUl it ceases to be 
limiting, then plant growth becomes independent of ttos factor as it 
increases still more until a point is reached when it is becoming toxic 
and causes plant growth to decrease. This law unfortunately has only 
a very limited validity, for if several factors are low, but none too low, 
increasing any one will increase the yield, as will be shown in the 
section on the interaction of nutrients. 


The Relation between Growth and Nutrient Supply as found 

by Experiment 

The first good experimental investigation was made by Hellriegel ih 
the eighties of the last century. Barley was grown in pots of sand, al^ 



Fig. 4. Effect of increasing the nitrogen supply on the growth of barley. 


necessary factors were amply provided, excepting only one nutrient 
salt, the amount of which varied in the different pots. Table 13 gives 
an example of his results: it shows the effect of increasing the nitrogen 
supply on the total dry matter produced and on other aspects of growth, 
and Fig. 4 shows the dry matter produced plotted against the amount 
of nitrogen supplied. The first increment of nitrogen produces a certain 
increase in yield, but the second and third increments produce propor- 
tionately more, thus giving a greater return than is expected if, as 
Liebig assumed, the effect be simply proportional to the amount 
present. The fourth and fifth increments, however, produce less effect. 
The curve, therefore, resembles an S and is described as sigmoid; this 
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is a common shape for curves showing total growth made after the 
lapse of a definite period of time, though perhaps less common for 
curves relating to environmental factors. 

TABLE 13 

Effect of Increasing the Nitrogen Supply on the Growth of Barley 
In Sand Cultures: H. Hellriegel and H. Wilfarth^ 


Nitrogen given as calcium nitrate 


Mgm. of nitrogen supplied . 


56 

112 

168 

280 

420 

Dry matter in crop, gm, . 
Increased yield for each extra 

074 

4*86 

10-80 

17-53 

21-29 

28-73 

56 mgm. nitrogen . 

Grain, per cent of dry matter in 

— 

412 

5-94 

673 

1-88 

2-97 

crop 

11-9 

37-9 

38-0 

42-6 

38-6 

43-4 

Weight of one grain, mgm. 

19 

30 

33 

32 

21 

30 


Field experiments can lead to similar results if the factor under 
consideration is at a sufficiently low level. The effect of increasing 
dressings of sulphate of ammonia on the yield of wheat on the perma- 
nent wheat field at Rothamsted is given in Table 14, both for the 

TABLE 14 


Response of Wheat to Sulphate of Ammonia 
Broadbalk Field’‘ 




Grain yield 



Straw yield 


Nitrogen supplied annually in 
manure, lb. per acre 

B 

1 

43 

86 

129 

B 

43 

86 

129 

Period, 1852-71 

1 

i 




i 




Yield in cwt. per acre 

9-5 

14-9 

19-9 

217 

14-9 

24-5 

35*4 

41-3 

Increase for each 43 lb. of 
nitrogen .... 

— 

5-4 


1-8 

— 

9-6 

(0-9 

5-9 

Period, 1902-21 

mm 








Yield in cwt, per acre 


IM 

16-2 

19-2 

10-5 

19-0 

30-6 

39-5 

Increase for each 43 lb. of 
nitrogen . , . . i 

■ 

• 

4-1 

5-1 

3-0 

— 

8-5 

11-6 

8-9 


twenty-year periods, 1852-71 and 1902-21. In both cases the second 
dose of nitrogen gives the largest response in the straw, and the same 
is true for the grain response in the latter period, but in the first twenty 
years, before the fertility of the unmanured had fallen very much, the 
response to the first dressing was rather larger than to the second. 

^ Ztschr, Riibenzucker-Jnd.f Bcilagehcft, x888. 

*E, J, Russell and D. J. Watson, Imp. Bur. Soil Sci., Tech. Comm. 40, 1940, The plot 
receiving no nitrogen has received none since 1839 at the latest. 
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Thus the sigmoid curve does not always occur in field experiments, but 
perhaps only when the factor considered is at a very low level. 

The Assumed Relation between Growth and Nutrient Supply 

The smoothness of the curves found by experiment suggests that they 
can be expressed by a mathematical e(^uation. E. A* Mitscherlich was 
^jjjong the first to do thisj and his equation is certainly the best known 
and most widely used. He assumed that a plant or crop should produce 
a certain maximum yield if all conditions were ideal, but in so far as 
any essential factor is deficient there is a corresponding shortage in thp 
yield. Further, he assumed that the increase of crop produced by unik 
increment of the lacking factor is proportional to the decrement from 
the maximum, or expressed mathematically: 

where j is the yield obtained when x is the amount of the factor present, 
A is the maximum yield obtainable if the factor was present in excess, 
this being calculated from the equation, and C is a constant. On 
integration, and assuming that^ = o when x = o, 

j = A (i — e~^). 

This curve is not sigmoid in shape, but everywhere concave to the axis 
representing the nutrient supply. Mitscherlich’s experiments were made 
with plants grown in sand cultures supplied with excess of all nutrients 
excepting the one under investigation. Table 15 shows the results 

TABLE 15 

Yield of Oats with Different Dressings of Phosphates. Mitscherlich^ 

Dry matter produced 

Grams Grams Grams 

9-8 ± 0-50 9-80 — 

19-3 ±0-52 18-91 -0-39 

27-2 ± 2-00 26-64 - 0-56 

41-0 ±0-85 38-63 -2-37 

43-9 ±1-12 47-12 ±3-22 

54-9 ± 3-66 57-39 ± 2-49 

61-0 ± 2-24 67-64 ±6-64 


P,0| in manure 


Grams 

0-00 

0-05 

0-10 

0-20 

0-30 

0-50 

2-00 


Difference ex- 
pressed in terms 
of probable 
error.* 


- 0-8 

-0-3 

- 2-8 

±2-9 

±0-7 

±3-0 


' Landw. Jahrb., 1909, 38, 537. 

* If this figure is less than 3, the agreement is considered satisfactory. 










MIT8CHERLI0H*S WIRKUNCSSWERT 

obtained with oats and monocalcium phosphate. Mitscherlich claims 
to show by experiment that the proportionality factor C (called 
“Wirkungswert”, or “faktor” in Mitscherlich’s papers) is a constant 
for each fertiliser, independent of the crop, the soil or other conditions. 
If this were so an experimenter knowing its value could, from a single 
field trial, predict the yields obtainable from any given quantities of 
the fertiliser, a result of great practical value. Further, it would be 
possible to estimate by direct pot experiment the amount of available 
plant food in a soil, one of the most difficult of all soil problems. 

Mitscherlich has, indeed, used his formula for this purpose,^ and in 
his very interesting book® he applies the expression in a variety of ways. 
Some work of E. M. Crowther and F. Yales® furnishes a later example 
of its use. By its aid they could put together in convenient tables all the 
results of fertiliser experiments that have been made on the various 
crops in Great Britain; and from these they formulated a suitable 
national war-time fertiliser policy for the country. 

Mitscherlich’s work was extraordinarily stimulating and caused a 
veritable flood of controversy when it was first developed. His equation 
has been of great practical value though it is certainly not exact. Thus, 
the “Wirkungswert” for a particular nutrient is not a constant but 
depends somewhat on the other conditions of growth.^ Further, the 
response curve is often sigmoid, fertiliser in excess decreases the crop 
yield, and the calculated maximum yield of the crop is sometimes far 
in excess of anything that can be obtained. 

Other workers® have tried to improve on Mitscherlich’s equation, 
and have had some success. But the interest in more exact equations 
has died down because the response of a crop to a fertiliser depends on 
many factors, such as the level of other nutrients present® and on the 
environmental conditions, so that no simple exact quantitative relation 
between the supply of a fertiliser and the crop response can exist. 

The Interaction of Nutrients 

The Law of the Minimum, namely, that the amount of plant growth 
is regulated by the factor present in minimum amount, and rises or 
falls according as this is increased or decreased in amount, implies that 

^ Landw, Jahrb., 192J, 58, Goi, 

* Bodenkunde Jur Land- tmd Forstwirtef Berlin, 1913, and subsequent editions. 

* Emp, 7. Agric,i 1941, 9, 77. For another example, see O. W. Willcox, Soil Sci., 1955, 
79» 467; 80, 175; 1956, 8x, 57; 8a, 287. 

* See, for example, E. R. Bullen and W. J. Lcssels, J, Agric. Sci,, 1957, 49, 319. 

* See, for example, B. Baule, Landw. Jahrb,^ 1918, 51, 363; 1920, 54, 493; K. A. Bondorff, 
Nord, jfordbrFank,, 1923, 5, 136; A'g/. Vet LandbohqjsL Aarsikr.f 1924, 293; E. A, Mitscherlich, 
ZtschK Ffianz. Dung.y 1928, A xa, 373; B. Balmukand, J. Agrk, 1928, z8, 602. 

* For a review of the work of plant physiologists on this subject, sec F* G, Gregory, Am^ 

Riv. Bkckm., 1937, 6, 557* ^ ^ ' 
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if two factors arc limiting, or nearly limiting growth, adding only one 
of them will have little effect on growth, whilst adding both together 
will have a very considerable effect. Two such factors are said to have 
a large positive interaction in such circumstances, for the response of 
the crop to both together is larger than the sum of the responses to 
each separately. If the crop response to the two factors together 
equalled the sum of its responses to each separately, we would say the 
two factors showed no interaction, or worked entirely independently 
of each other; and if the response to the two factors together was less 
than the sum of the responses to each factor separately, they are said 
to have a negative interaction with each other. | 

Two examples can serve as illustrations of such joint effects. The 
first is taken from a series of fertiliser experiments made at Rothamsted 
between 1938 and 1945, in which the response of potatoes to farmyard 
manure, sulphate of ammonia, muriate of potash and superphosphate 
is determined in all possible combinations of these fertilisers. Table 16 
shows some of these responses for the three years 1939, 1943 and 1945, 
in which the crop only gave a low yield in the absence of fertiliser 
and manure. 

This table shows that in the absence of farmyard manure, potatoes 
give a bigger response to nitrogen if the potassium supply is adequate 
than if it is short, and, similarly, a bigger response to potassium if the 
nitrogen supply is adequate. Thus, in the example given there is a 
positive interaction between these two fertilisers: nitrogen in the absence 
of potassium increases the yield by 0 4 ton, potassium in the absence 
of nitrogen increases the yield by 2-5 tons, and if given together the 
yield is increased by 4*3 tons, w^hich is i *4 tons larger than the sum of 
the nitrogen alone and potassium alone responses (0*4 +2 -5 =2 *9 tons). 
On the other hand, provided adequate potassium was given, nitrogen 
gave an increase of between i *8 and i -9 tons per acre whether farmyard 
manure was given or not, whilst farmyard manure gave an increase 
of between 3-0 and 3-1 tons per acre whether nitrogen was given or 
not. These two materials thus act independently of each other, so that 
there is no interaction between them\^ Potassium and farmyard manure 
provide an example of a negative interaction: in the presence of ade- 
quate nitrogen, potassium alone increases the yield by 3*9 tons per acre, 
and farmyard manure alone by 67 tons per acre, but the two together 
only increased it by 7 0 tons. Thus the response to potassium in the 
presence of the farmyard manure was only 0-3 ton, and the negative 
interaction between the two is 3 6 tons; in fact, in these experiments 
farmyard manure supplies all the potassium needed by the potatoes. 

1 For other examples of this, see K. M. Crowtlicr and F. Yates, Emp, J. Expt, Agric,, 1941, 
9 i 77 J A, W, Oldershaw and H. V, Garner, Hoy. Agric. Soc.. 1Q44, lOS, q 8 . For a possible 
explanation of this effect, see D. A. Boyd, J, Agric. iki., 1959, 52, 364. 
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TABLE 16 


Response of Potatoes to Nitrogen and Potassium^ 

Yield of potatoes In tons per acre 


Fertiliser 

NoN 
No K 

N. No K 

No N. K 

N. K 

No farmyard manure 



40 

■n 

6-5 

8-3 

With farmyard manure 

• 

• 

9-3 


9-5 

11-5 

Response to farmyard manure . 

• 

5-3 

B 

IIIIQI^ 

B 


j Response to nitrogen 

Response to 
potassium 

N K 
Inter- 



1 

1 


bbbb 

action 


K absent 

K present 




No farmyard manure . 

0-4 


1-8 

2-5 

3-9 

1-4 

With farmyard manure. 

1-8 


1-9 

0-2 

0-3 

0-1 


in presence of adequate potassium 


Response to ... 

FYM alone 

3-0 

N alone 

1-8 

FYM + N 
4-9 

Interaction 

0-1 


In presence of adequate nitrogen 

Response to 

FYM alone 

67 

K alone 

3-9 

FYM+K 

70 

Interaction 

-3-6 


The second example illustrates the relationship between the water 
supply and the responsiveness of the crop to fertiliser, and in particular 
to nitrogen. C. von Seelhorst^ at Gottingen made some pot experi- 
ments to establish this point over sixty years ago. The results of his 
experiment are given in Table 17, and they show that the oat crop 
could only respond to large dressings of nitrogen if the water supply 
was adequate. . 

This effect can be illustrated from some field experiments made by 
F. G. Gregory, F. Crowther and A. R. Lambert^ in the Sudan. Table 18 
shows that cotton can only make efficient use of a large supply of 
irrigation water if well manured with nitrogen, or, alternatively, that 

^ Dressings given: 

*939 *943 ^**^ *945 

FYM 15 Mean of 8 and i6 tons per acre. 

N 0*8 0*6 cwt.N per acre given as sulphate of ammonia, 

K I *33 0*83 cwt. K per acre given as muriate of potash. 

* J. Landw., 1898, 46, 52. 

* J. Agrk. 6Vi., 1932, aa, 617. See also F. Crowther, Roy, Agric, Soc, Egypt, Tech, Bull, 24, 
I93(). 
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it can only make good use of a high nitrogen supply if there is an 
adequate supply of irrigation water available. 

TABLE 17 


Influence of Water Supply on the Effectiveness of Manures on the 

Growth of Oats 


Dry weight of oat crop in grams per pot 


Manuring 

Nitrogen series 

Increased 

1 crop for 

KP 

KP. N 

KP, 2N 

First 

increment 

of 

nitrogen 

Second i 
increment 
of 

nitrogen 

1. Moist soil 

67-5 

68-5 

68-5 

1-0 

0-0 

11. Moister soil , 

83-6 

93-4 

94-0 

9-8 

0-6 

III. Wettest soil 

99-5 

119-5 

135-0 

20-0 

15-5 


K=o- 83 gm. of K as K^CO^ per pot; P=o*44 gm. of P as Ca(H2P04)2 per pot; N=5 gm. 
of N as NaNOs per pot. 

jVbte. — The moist soil contained 14-35 per cent of water (41-6 per cent of saturation), the 
moister soil 15-41 per cent at the beginning, increasing to 18-43 (51*7 per cent of 
saturation) as the experiment proceeded, and the wettest soil 16-44 
beginning, increasing to 22-59 (63-7 per cent of saturation). 


TABLE 18 


Influence of Water and Nitrogen Supply on the Growth of Cotton 


Yield of seed cotton in kantars per feddan^ 


Rate of watering 


Amount of sulphate of ammonia added 


. .......... .... — — ...w -.--ww 1 

Light 

Medium 

Heavy 

None 


. 



1-38 

1-54 

1-58 

300 lb. per acre . 





1-98 

2-45 

2-80 

600 lb. per acre . 

• 

• 

• 


2-28 

3-04 

3-79 


There is a further aspect of the Law of the Minimum that may be 
extremely important when one is rectifying deficiencies. If crop growth 
is being severely limited by a few factors, and if, as is usual for most 
crops, one is interested in the yield of a part of the crop only, such as 
the grain for example, it will often happen that the maximum yield of 
this part of the crop is obtained by allowing the individual plants a 
large amount of space, so the root system of each plant can tap as large 
a volume of soil as possible. If one now rectifies the limiting deficiencies, 

‘ I kantar per fcddan 3 s 300 lb. per acre. 
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it may also be necessary to increase the number of plants per acre to 
get the maximum possible increase in yield from this amelioration, for 
the individual plants will now need less volume of soil from which to 
get their nutrients. Further, it may also be necessary to change the 
variety of the crop grown, for it often happens that the variety best 
adapted to poor conditions has not the potentiality to make really good 
use of a liberal supply of nutrients, whilst varieties that can make very 
good growth in optimum conditions may be relatively less satisfactory 
when growing in poor conditions.^ Table 19, taken from some work of 
B. A. Krantz^ on the manuring of maize in North Carolina, illustrates 
the need for increasing the number of plants per acre if one is to get 
the maximum benefit from a high level of nitrogen manuring. Inciden- 
tally, this closer spacing has the desirable consequence that it helps to 
suppress weed growth which otherwise becomes troublesome when 
generous fertiliser dressings are used with wide spacing. 

TABLE 19 


The Influence of the Number of Maize Plants per acre on their 
Response to a Nitrogen Fertiliser 
Yield of grain in bushels per acre 


Number of Plants per acre 

Pounds of Nitrogen per acre 

20 

70 

120 

1 

170 


39 

1111^111 

59 

57 


39 


67 

65 


41 


69 

72 

13,000 

36 


73 

73 


Least significant difference 8*3 bushels per acre. 

Plant numbers obtained by using spacings of 37*4 in., 21*4 in., 15*0 in. and 11*5 in. in 

rows 42 in. apart. 


An important group of interactions between nutrients concerns those 
between the different cations in tlie soil and in the plant tissue. It has 
already been stated (see p. 28) that the leaves of plants tend to have a 
fairly constant total cation concentration in their dry matter, dependent 
mainly on the type of plant and to a much less extent on the soil and 
manuring. One imp>ortant function of these cations is that of osmodc 
pressure and pH regulation, and for this purpose the composidon of the 
cadons present is largely irrelevant. But die leaves can only funedon 
properly if they contain a certain minimum concentradon of the essen- 
dal cadons potassium, magnesium, calcium and the trace elements. 

‘ For an example of this effect with sugar-cane, see J. A, Potter, Tnp. Jgiie, Trin., 1947, 
a4> . 

i/ter Crops udth Plant Food, 1947, No. a6. 

S.C. --4 
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Provided these minimal concentrations are exceeded, the relative con- 
centrations of the different ions in the leaf are of little importance.^ 

The relative proportions of the cations in the leaf depend on the 
relative proportions of their available forms in the soil, a dependence 
that will be discussed in detail on p. 463. The point of immediate 
importance is that increasing the relative concentration of any one 
cation in the soil, as, for example, by adding a potassic fertiliser, will 
increase its concentration in the leaf, and in consequence decrease that 
of the other cations. If the plant is growing in a soil rather short of 
available magnesium, so that the magnesium concentration in the leaf 
is approaching the minimum required for healthy growth, then 
adding a potassium fertiliser may cause the magnesium concentration 
to fall below the minimum, so inducing a magnesium deficiency in the 
crop, which can be very severe if the crop growth is appreciably int 
creased by the potassic fertiliser,^ This phenomenon is sometimes called 
an ionic antagonism, and in this particular example one would say that 
the potassium was antagonistic to the magnesium. These potassium- 
induced magnesium deficiencies can often be seen on fruit trees and 
market-garden and glasshouse crops growing on soils low in exchange- 
able magnesium, for all these crops commonly receive generous dressings 
of potassic fertilisers. In the same way salt added to a sugar-beet crop 
may induce magnesium deficiency in the crop.^ It is important to 
realise that this is no reason for not using a potassic fertiliser or salt, if 
the crop responds to either, but it is a very good reason for using in 
addition a magnesium fertiliser, such as a dolomitic limestone if 
the soil is rather acid, or otherwise magnesium sulphate. 

Large dressings of lime may also induce magnesium or potassium 
deficiencies in the crop if the soil is low in either. These effects for 
potassium are, however, most noticeable for some crops on calcareous 
soils. Thus C. A. Bower and W. H. Pierre* found that maize and some 
of the sorghums, for example, need a fairly high level of potassium in 
their leaves compared with calcium and magnesium, so usually respond 
to potassic fertilisers even if the level of available potassium in the 
soil is fairly high. On the other hand, sweet clover and buckwheat 
need a much higher level of calcium compared with potassium in their 
leaves, so are much less responsive to potassic fertilisers on these soils, 
whilst flax, oats and soybeans came intermediate between these two 
groups. 

*For a review and discussion of this, see F. J. Richards, Ann. Rev. Biochem.y 1944, 13, 61 1. 
For an example with lucerne, see A. S. Hunter, S. J. Toth and F. E. Bear, Soil Sci,, 1943, 

* For an example with potatoes, see T. Walsh and T. F. O’Donohoe, J. Aqric. Sci., 1945, 
35 » 254 - 

® J. B. Hale, M. A. Watson and R. Hull, Ann. Appl. Biol.y 1946, 33, 13. 

* J. Amer, Soc. Agron., 1944, 36, 608. 



THE INTERACTION OF NUTRIENTS 67 

A further example is furnished by the manuring of lucerne on soils 
rather low in calcium. If one manures lucerne generously with a 
potassic fertiliser, it will take up potassium in preference to calcium, 
so the potassium content of the leaves will rise and their calcium 
content fall:^ a tendency which may be undesirable for feeding purposes 
as a calcium-rich fodder is preferable to a potassium-rich one. Hence 
lucerne growing on a non-calcareous soil rather low in exchangeable 
calcium should be given small and frequent dressings of the potassic 
fertiliser rather than a single large one. 

^ For an example of this, sec F. E. Bear and S. J. Toth, Soil Scu, 1948, 65, 69. 



CHAPTER V 

THE COMPOSITION OF THE SOIL 


Soils predominantly contain particles initially derived from the 
disintegration or decomposition of primary igneous rocks. But these 
particles may have been produced at an earlier geological period, 
moved by wind, water or ice over considerable distances, and been 
through one or more cycles of deposition and erosion. The processes 
that affect or alter these particles will be discussed in subsequent 
chapters, but one of the most fundamental is brought about by tjhe 
plants that grow in the soil, for when the plants die they add to t^e 
soil energy-containing organic substances which they synthesis^ 
during their lifetime, and which serve as a food supply for a vast 
population of micro-organisms and even animals, which can in 
consequence inhabit the soil. 

The soil mass is permeated with channels between the individual 
particles composing it, which are filled with water or air. The 
water, however, contains not only dissolved gases, but also some of the 
salts present. 

Soils may, therefore, consist of four parts: 

1. Mineral matter derived from the rocks, but more or less altered 
by decomposition or by the decomposition of the products of decom- 
position of other particles. 

2. Calcium carbonate and phosphate and some resistant organic com- 
pounds derived from plants or organisms present at an earlier period. 

3. Residues of plants and micro-organisms recently added to the soil. 

4. The soil water, which is a solution of tlie various soluble and 
partially soluble salts present in the soil. Under temperate humid 
conditions this solution is dilute, but under some arid conditions, 
particularly in areas with poor drainage, it may become very concen- 
trated. During dry periods such soils may contain appreciable 
quantities of soluble salts as crystals. 

The soil has so far been pictured as consisting of a mass of particles, 
and this will be the aspect adopted in the rest of this chapter. But it 
must be realised that there is another aspect, of greater fundamental 
importance from the standpoint adopted in this book, namely, that of 
the soil as the medium for plant growth, and therefore as a medium for 
root development. From this aspect, the soil is a network of channels, 

68 
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filled with air and water and bounded by solid surfaces; and its 
fundamental properties depend on the geometry of this interconnected 
network, called Ae jjore space, and on the behaviour of water in the 
pore space, on the properties of the bounding surfaces, and on the 
mechanisms which supply plant nutrients both to the water in these 
channels and also to the solid surfaces. 

Suitable and fairly simple techniques have been devised, by W. 
Kubiena^ in particular, for examining the soil directly under a micro- 
scope, which allows one to see something of its texture, that is, of the 
kind of particles and organic matter present, and something of its 
structure, that is, how these particles are distributed throughout 
the soil mass. Thus one can make a rough estimate of the amount of 
plant material in the soil and its degree of decomposition, the shape 
of the larger mineral particles and how they are arranged in the soil, 
and to some extent how the finer particles are distributed; and m 
particular one can recognise the two principal types of microstructure 
in a soil, that in which the sand grains are comparatively clean and 
the finer particles are present in diffuse clusters between them, and that 
in which the sand grains have the finer particles cemented on to their 
surface. 

The mineral matter itself can be divided into two parts — particles 
possessing a definite crystal structure, and inorganic material that 
cannot be so described. The latter is composed of ill-defined precipi- 
tates of hydrated oxides of iron, aluminium, manganese and possibly 
silicon also; the former consist of crystals derived from the original 
rock, which tend to be the larger particles, and crystals formed from 
the products of weathering, which are usually the smaller particles. 
For these reasons mere chemical composition of the soil in bulk rarely 
gives information of much value: one wants to separate out the com- 
position of the ill-defined deposits from the miner^ grains and, as will 
be shown later, of the finer from the coaner mineral particles. 

The Size Distribution of Soil Particles 

Merc inspection of soil shows that it is composed of particles ol 
difierent sizes and very irregular shapes possessing a greater or less 
tendency to stick together and form larger aggregates. These can b< 
put into three groups, though the separation is not sharp or exact; clod: 
and crumbs which are large and can be broken down by gentle mechani 
cal means; granules, which are smaller, but in which the particles an 
more tenaciously held, so that some gentle chemical treatment i 

^ Micnpedology, Ames, Iowa, 1938, ForschDimst. Sonderh., 194a, 16, 91, for technique, am 
Soil Res., 1 935, 4, 380, for results. See also G. A. Bourbeau and K. G. Berger, Soil Sci, Soi 
Amer,, 1948, 12, 409. 
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necessary to separate them; and concretions in which the fine material 
is bound still more firmly by a cement containing inorganic colloids. 
The power of forming clods and crumbs resides partly in the organic 
matter and partly in the mineral particles of smallest size, of which a 
relatively small percentage suflices. 

The process of separating a soil into its component particles, and then 
estimating the proportion of particles in the various size ranges is usually 
referred to as Mechanical Analysis, and the methods for doing this are 
now fairly standardised.^ The first step is to crush the clods carefully 
so as much of the soil as possible will go through a 2 mm. sieve, leaving 
only stones on the sieves. This operation introduces an arbitrary 
element into the results for those soils which contain rather soft, porous 
concretionary material, for the harder one crushes the soil the more 
the concretions are broken down into finer particles. Examples of 
such materials are firstly chalk, weathered limestone and even some- 
times weathered granite, and secondly the presence of inorgahic 
cements weakly binding soil particles together, such as hydrated iron 
oxides or calcium carbonate. The basic trouble here is that no definite 
meaning can be given to the phrase “the individual soil particles”, but 
the harder these concretions, the more each can be treated as a separate 
particle. 

The second stage is the dispersion of the crumbs passing the 2 mm. 
sieve into their constituent particles. This can sometimes be done by 
violent mechanical agitation in water, but it more generally involves 
chemical treatment of the soil. Most standard methods oxidise the 
organic matter by boiling with hydrogen peroxide, or treating with 
sodium hypobromite,* remove calcium carbonate by leaching with 
hydrochloric acid, and then disperse the soil by shaking in a dilute 
solution of ammon’a or sodium hydroxide. However, innumerable 
variations in detail have been in use from time to time. As with crushing 
the soil through a sieve, so again here the methods introduce arbitrary 
elements into the analytical results, for the greater the amount of 
organic matter or calcium carbonate that the soil contains, the greater 
is the proportion of soil material that is being discarded from the 
analysis, and the greater is the amount of insoluble material from the 
calcium carbonate and organic matter left behind in the soil. 

The next problem in mechanical analysis is to find methods for 
specifying the size distribution of the soil particles. Since they have 

* For the method in use in Great Britain see G. W. Robinson, Imp. Bur. Soil Set., Tech. Comm. 

>953; America see V. J. Kilmer and L. T. Alexander, Soil Sci., 1949, 68, 15. For 
mscussions on the whole methodology see Symposium on Particle Size Analysis, Supplement to 
. ’ 947 > The Physics of Particle Size Analysis, Supplement 3, Brit. J, 

Ai>pl. Phys., 1954. 

‘See E. Trocll, J. Agric. Sci., 1931, 21, 476, and S. J. Bourget and C, B. Tanner, Canad, 
J. Agrtc. Set., 1953, 33, 579. 



MECHANICAL ANALYSIS OF SOILS 


71 

irregular shapes, their size cannot be described adequately by any one 
single measurement, though both their mass and their volume are 
theoreticcdly definable, except possibly for the smallest particles which 
absorb a certain amount of any gas or liquid which comes in contact 
with their surfaces. There are, however, no methods for determining 
either the mass or volume distribution of the particles, so less direct 
size properties must be used. In practice the property of the larger 
particles that is selected to specify their size is the ability to pass, or be 
retained by, standard sieves, and the property of the smaller particles 
their velocity of sedimentation in a vertical column of water at a 
standard temperature, usually 20° G. But since it is difficult to think 
of particle sizes in terms of their settling velocities, these are usually 
converted into the diameter of a sphere of density 2-6 that would have 
this settling velocity, making use of Stokes’ equation 

18 75 

where v is the settling velocity in cm. per sec., g is the acceleration due 
to gravity (about 980 cm. per sec^), o is the density of the settling 
particle and p of the water (c — p is taken as i-6), and 75 is the viscosity 
of water (about o-oio at 20° C) and d is the diameter of the sphere, 
commonly called the equivalent diameter of the soil particle. The fad 
that many particles have a density different from 2-6 is no more dis- 
turbing to the use of this “equivalent diameter” than the fact that the) 
are not spherical. 

The particle sizes are classified into a few conventional groups whos< 
limits, on a few of the scales that have been used, are given in Table 20 
On the present International or Atterberg scale, a soil is divided int< 
gravel, which is retained on the 2 mm. sieve, and fine earth whicl 
passes; and this in turn is separated into coarse sand, fine sand, silt an( 
clay, the upper size limit for each of the first three functions being tci 
times the lower. On the present American system, the sands are dividet 
into five classes, the lower limit being 0 05 instead of 0-02 mm. but th( 
same upper limit for clay is used, so American silt is from 50 to 2 in 
stead of from 20 to 2 p. For many purposes the American definition 
of silt and sands are being found preferable to the International ones 
The upper limit of 2 p for the clay particles was probably chosen fo 
practical convenience — particles of this size settle 10 cm. in 8 hours- 
but it has reasonable justification because the properties of silt diffe 
markedly from clay, and two microns represents the approximate uppe 
limit of clay properties. But the coarser clay particles, from 2 p dow 
to 0‘5 or 0-2 p, have the clay properties only weakly developed an 

^ I jjL= micron or io“® mm. 
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TABLE 20 

Names and Sizes of Fractions obtained by Mechanical Analysis of 
Soils in Different Countries 


Older British 

International 

American 

British Civil 

(replaced 1928) 

(based on Atterberj)^ 

(Bureau of Soils)* 

Engineers* 


Limits 


Limits I 


Limits 


Limits 


of 


of i 


of 


of 

Name of 

Diameter 

Name of 

Diameter 

Name of 

Diameter 

Name of 

Diameter 

Fraction 

of 

Fraction 

of 

Fraction 

of 

Fraction 

of 

Particles 


Particles 


Particles 


Particles 


mm. 


mm. 


mm. 


mm. 

Fine {ravel . 

3-1 

Gravel 

above 2 

Very coarse 



( 

1 


(Kies) 


sand 

2-1 

Coarse sand 

2^-6 

Coarse sand 

1-0-2 

Coarse sand 

20-0-2 

Coarse sand 
Medium 

1-0-5 

Medium 






sand 

0-5-0-25 

sand 

0-6-0\2 

Fine sand 

0-2-0-04 

Fine sand . 
(Mo.) 

0-2-0-02 

Fine sand . 
Very fine 

0-25-010 

Fine sand . 

0-2-0W 

\ 




sand 

0-10-0-05 


Silt . 

004-00I 

Silt . 

002-0002 

Silt . 

0-05-0-002 

Coarse silt . 

0-06- 0^-02 
0-02- OOOl 



(Schluff, 




Medium silt 



StaubLimon) 




Fine silt 

0006-000 

Clay . 

below 0 002® 

Clay . 

(Ton, 

Schlamm, 

! Argile) 

below 0-002 

Clay . 

below 0-002 

Clay . 

|below O-OO; 



typically contain many silt-like particles, so it would probably be 
desirable to subdivide the clay somewhere between 0-5 and 0-2 (i. Unfor- 
tunately there is no international agreement on the definition of clay, 
and the Dutch workers often use 16 p for the upper limit, and others 
5 (ji, and it is not always stated what definition is being used. 

The coarse sand, on the International method, and all the sand 
fractions on the American method, are separated from the finer par- 
ticles on standard sieves; and the finer particles are separated by 
sedimentation in water, either by measuring the density of the suspension 
at a given depth by a hydrometer® or by taking samples of the suspension 
with a pipette from a standard depth after standing for definite periods.® 
This pipette technique can be refined so very shallow sampling depths 
can be used, which allows a ready functionation of the clay, certainly 
to 05 and perhaps to o-q p.’ Table' 21 gives examples of results obtained 

^ Ini. Mitt. Bodenk., 1912, 2, 312. The international method is described in Imp, Bureau 
Soil Sci.j Tech. Comm. 26, 1933. 

^Soil Surv^ Manual, U.S. Dept. Agric. Handb. 18, 1951, and V. J. Kilmer and L. T. 
Alexander, Soil Sci., 1949, 68, 15. 

® Soil Mechanics for Road Engineers, D.S.LR. Road Research Lab., 1952. 

^ Probably smaller: the calculated value for the upper limit is 0*0014 mm. 

* G. J. Bouyoucos, Soil Sci., 1927, 23, 343; 1928, 25, 365; 1932, 33, 21; R. G. Downes, 
Aua. J. Cornu. Sci. Indust. Res., 1944, 17, 197; 1 . A. Black, J. Soil Sci., 1951, 2, 118; P. R. Day, 
1950, 70, 362, and 1953, 75, i8i. 

For a discussion on the accuracy of this method see M. K6hn, Landw. Jahrb., 1928, 67, 
485. 

’ A. N. and B. R. Puri, J. Agric. Sci., 1941, 31, 171; E. W. Russell, J. Agric. Sci., 1943, 33, 
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by these methods, where the size of the clay particles is expressed in 
terms of the negative logarithm of the observed settling velocity in 
cm. per sec. {pv = — log^o v), as well as of the conventional equivalent 
diameter. 


TABLE 21 

An Extended Mechanical Analysis of some Clay Soils 



Sand 



per cent of the clay 
present in the fraction 




pv 3-5-4*5 
d i 

4-5-.5-5 
0-6-0* 19 

<5-5 

>0-19 

Sudan Gezira 

16-6 

14-1 

54-9 

9-6 

91 

81-2 

Malayan Rubber Soils — 1 







Clay type 

10-1 

50 


6-5 

62- 1 

31-4 

Silt type . 

10-2 

270 

62 0 ! 

30-3 

44-8 

24-8 

English Soils — 




16 7 

17-4 

66-0 

Oxford Clay . 

15-6 

31-3 

477 

Weald Clay 

18-3 

33-5 

48-3 

13-5 

37-9 

48-6 

Hereford fruit 

237 

38-5 

31-2 

320 

23- 1 

44-9 


The distribution of particles finer than about 0-2 [Ji cannot be made 
by sedimentation under gravity, because such particles diffuse slowly 
from the part of the suspension where they are concentrated to that part 
where they are more dilute, due to their Brownian motion. They are 
therefore diffusing against the direction of settling, and this blurs the 
sharpness of the separation between different particle sizes. But this 
complication becomes less important as the gravitational field is 
increased, so sedimentation in a centrifugal field must be used for 
finer fractionation.^ 

Fuller information about the size distribution of soil particles would 
be given by continuous distribution curves instead of a discrete number 
of fractions, and methods for obtaining such curves have been devised, 
but unfortunately most methods contain inherent errors and there is no 
satisfactory method available for obtaining such curves.® But for 
agricultural purposes accurate mechanical analyses have not proved 
of great value, nor does there seem to be any demand for continuou! 
distribution curves, so little attention has been given to this problem in 
recent years. 

^ For methods, see C. E. Marshall, Proc. Roy* Soc*^ 1930, Xa6 A, 427, and Proc, Soil Sci, Amer* 
1939, 4, 100; and C. Brown, J. Phys, Chem., 1944, 48, 246. 

® For a discussion of the older work see B. A. Keen, Physical Properties of Soils, London 
1931; and for the more modern, two symposia arranged by the Institute of Chemica 
Engineers in 1947 and the Institute of Physics in 1954. 
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Soil Texture 

This phrase unfortunately is given different dehnitions by different 
people, no less than three different concepts being muddled up in it. 
Soil texture should be reserved for describing the size distribution of 
particles in the soil, and such phrases as fine-textured and coarse- 
textured soils are allowable with this definition. But texture has often 
been confused with the consistency properties of the soil, which will be 
discussed on pp. 132-4, and in this sense the terms light and heavy 
are often used. These words had nothing to do with the density of the 
soil but with the power required to plough the soil, and it was measured 
by the number of horses that had to be yoked to the plough. Thus light 
land would be described as one-horse and heavy land as four-l^orse 
land. This property is therefore a measure of the cohesion betweeii the 
soil particles, and although this is very dependant on the particle ’pize 
distribution in the soil, it is also dependant on the kind of particles 
present. The third use of soil texture, in place of soil structure, which 



Fto. 5. The composition of the textural classes of soils used by the United States Soil Survey. 
(Sand 2~0*O5 mm., .silt 0*05-0*002 mm.» clay below 0*002 mm.) 
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is to be discussed in Chapter XXIII, has no justification whatever. 

Soils are grouped into a definite number of textural classes, such as 
sands, silts, loams and clays, the name of the textural class being that 
of the mechanical analysis fraction, or textural fraction as it is usually 
called, whose properties dominate the soil properties, except that loams 
art: soils in which no one fraction dominates. As an example of such a 
classification Fig. 5 gives the one in use by the United States Soil 
Survey.^ An experienced field surveyor can grade soils into these classes 
simply by feeling the soil when wet between his fingers. For clarity of 
language it is most desirable that these words be used correctly, and 
that a mixed phrase such as heavy loam be not used synonymously with 
clay loam for example; for a heavy loam should mean a loam soil of 
heavy consistency. If this distinction is borne in mind, much of the 
confusion that exists on whether one should use mechanical analysis or 
the “feel” of the soil for textural descriptions will disappear, because 
two different properties are being measured. 

The Mineralogical Composition of the Soil Particles 

SAND AND SILT FRACTIONS 

These particles can be divided into two main groups: crystalline 
mineral particles derived from primary rock and rock fragments; and 
micro-crystalline aggregates or amorphous deposits composed, for 
example, of calcium carbonate, ferric or aluminium hydroxides, 01 
silica, which have been formed either from products of weathering 01 
from residues of plant and animal life. There may also be present somt 
crystals such as calcite, and possibly quartz, formed in the soil itself 
perhaps crystals of some other minerals formed during the weathering 
process, and perhaps non-crystalline or poorly crystalline residues o 
the weathering of rock minerals, such as vermiculite. 

The principal minerals found in the silt and sand fraction of tin 
soil® are: 

1. Quartz. , 

2. Felspars. 

(a) Microcline and orthoclase® KAlSigOg, which are potasl 
felspars. Both are resistant to weathering, microcline bein, 
the more resistant. 

(b) Plagioclase, a series of mixed crystals having albite or sod 
felspar NaAlSijOg and anorthitc or calcium felspa 

^ U.S, Dept, Agric, Handb,, i8, 1951. 

® For details, sec for example H* B. Milner, Sedimentary Petrography y 3rd ed., London, 1931 
A. N. Winchcll, Elements of Optical Mineralogy y 5th ed.. New York, 1937. 

® The following formulae are given only to show the type of constitution. The compositic 
of actual specimens may differ considerably from the type formula. 
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CaAljSiaOa as end members. The sodium-rich members 
are about as resistant to weathering as orthoclasc, whilst 
the calcium-rich members weather more easily. 

3. Micas. 

(a) Containing no divalent metals: muscovite, a potassium 
aluminium silicate, H2KAl8(Si04)3, which is fairly stable. 

(i) Containing divalent metals: biotite, a potassium magnesium 
iron aluminium silicate not very resistant to decomposition. 
No true micas containing calcium are known, and soda 
mica is very rare. 

(f) Glauconite: a potassium mica, relatively low in aluminium 
but high in ferric iron and containing some magnesium\and 
ferrous iron.* \ 

4. The Ferromagnesian Minerals, which are low in aluminium slnd 
are divided into the pyroxenes (Mg,Fe)Si03, the amphibd^es 
(Mg Fe)7(Si40ii)2(0H)2 and the olivines (Mg Fe)2Si04, where 
(Mg Fe) refers to one ion only. Magnesium and ferrous iron are 
completely interchangeable in these minerals, and in general 
there is a certain amount of replacement of either by calcium; 
whilst in the amphibolcs and particularly in hornblende, sodium, 
potassium, calcium and aluminium may all be replacing part of 
the magnesium or iron, and aluminium may replace part of the 
silicon. These minerals are usually not very resistant to de- 
composition. 

5. Various minerals, such as zircon, garnet, apatite (see p. 476), 
ilmenite FeTiOj, the iron oxides haematite FcjOa, and magnetite 
Fe304, and the hydrated oxide limonite Fe0(0H).xH20. 

Igneous or primary rocks are composed of these minerals, and Table 22 
gives a rough classification of the principal rocks and their mineral 
constitution. 

6. Certain clay minerals which may be present in large particles, 
such as vermiculites and chlorites, occur in the sand fractions of 
some soils derived from certain basic igneous rocks. Kaolins are 
also often present in the silt fraction of soils, particularly if derived 
from granites. These clay minerals may be cemented by hydrous 
iron or aluminium oxides or dehydrated iron oxides.® 

Quartz is by far the commonest mineral in most soils, and also the 
most resistant to decomposition. In soils derived from sedimentary 
deposits it often makes up 90 to 95 per cent of all the sand and silt 

• ?■ Mineral., 1941, z6, 683. 

J. S. Hiking, M. E. Neilson and A. R. Carthew (Aust. J. Aerie. Res., 1957, 8, 45) give 
^ these, and sec also a series of papers by D. M. McAleese and co-workers, J. 
Soil Sci., 1957, 8, 13s; 1958, 9, 66, 81, 289. 
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particles.* Soils directly derived from primary rock contain much less, 
the actual quantity depending on the quartz content of the rock itseli 
and the amount of weathering it has been subjected to. J. Hendricis 
and G. Newlands* have, for example, found some Aberdeenshire soils 
derived from a basic igneous olivine-gabbro which are practically 
quartz-free, and the other soils in their paper illustrate the rapid rise 
in quartz content to over 70 per cent if the soil has been derived from 
rock which has already been subjected to weathering. Table 23, which 
is taken from some results of R. P. Humbert and C. E. Marshall,' 
illustrates this effect by giving the distribution of quartz and felspar ir 
the sand and silt fraction down the profile of a soil derived from granite 


TABLE 22 

The Mineral Constitution of the Principal Igneous Rocks 


Size of mineral crystals 

Constitution 

Coarse 

Medium 

Fine 

Quartz 

Alkali 

felspars 

Plagio- 

clases 

Micas 

Pyroxenes 

Amphi< 

botes 

Olivines 

Granite 

Quartz porphyry! 

Rhyolite 

X 

X 

+ 

+ 

0 

- 

Syenite 

Microsyenite 

Trachyte 

0 

X 

0 

4 - 

0 


Diorite 

Microdiorite 

Andesite 

0 

+ 

X 


X 


Gabbro 

Doicrite (diabase) 

Basalt 



X 


X 

+ 

Peridotite \ 


Picrite- 







Serpentine / 


basalt 

B 


0 

B 

+ 

X 


X plentiful + less plentiful O rare — absent 


TABLE 23 

Distribution of Quartz and Felspar in the Sand and Silt Fraction 
of a Soil derived from Granite 


Depth in inches . 

0-4 

4-10 

10-18 

18-24 

Rotten 

Rock 

Un- 

weathered 

Rock 

Quartz in fraction (%) . 

so 

45 

30 

25 

25 

32 

Felspar in fraction (%) . 

28 

30 

27 

36 

65 

53 


^ This is in marked contrast with the content in the average parent rock material, whic 
according to F. W. Clarke is: 


per cent 


Felspars 6o 

Amphiboles and Pyroxene 17 

Quartz 12 

Micas 4 

Other minerals 7 


100 

(analyses of 700 igneous rocks) 

He further estimates that the lithosphere is composed of 95 per cent igneous rocks and 5 p 
cent sediments down to a depth of half a mile (U.S. Geol. Surv, Bull, 770, 1924). 

® J. Sci., 1923, 13, 151. « Miisouri Agric, Expt, Sta,, Res, Bull, 359, 1943. 
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THE CLAY FRACTION 

The clay fraction is typically differentiated mineralogically from the 
silt fraction by being composed predominantly of minerals which arc 
formed as products of weathering and which arc not found in un- 
weathered rocks. These minerals rarely ever occur in particles larger 
than 2 (X, and are usually present as particles smaller than this. They 
are much more resistant to weathering in the soil than are rock minerals 
ground to a comparable particle size, and they comprise the particles 
that carry the physical and chemical properties characteristic of 
clays. 

The coarser clay fractions, particularly those larger than 0*5 j(x in 
diameter, may contain appreciable proportions of quartz and some- 
times of mica, but the fractions finer than o-i p are almost entirely Vlay 
minerals or other products of weathering, such as hydrated ferric, 
aluminium, titanium, manganese and silicon oxides. \ 

The great difficulties in making a mineralogical analysis of ciay 
particles are that X-ray photographs cannot be taken of single crystals 
as they are too small. The advances in our knowledge of the con- 
stitution of clays, and in methods available for distinguishing between 
various clays in a mixture have come about through developing ways 
of forming oriented flakes of clay particles, and treating these with 
various reagents, such as glycol, whose molecules will take up standard 
positions between the individual crystals of some clays. ^ Other types of 
method are also available. These minerals are all hydrated and lose 
their water at diflerent temperatures, hence they can to some extent 
be differentiated by their dehydration curves. The energy change in- 
volved as this water is lost, and other changes which occur in the clay 
mineral, arc most marked in certain critical temperature ranges, which 
are characteristic for different minerals. Again, some clay mineral 
particles have characteristic shapes: they may be flat with sharp 
edges, or have blurred edges, or be rod-shaped, and these can be 
determined by photographing the particles in the electron microscope. 

The result of all this work has b^een to show that for many soils the 
clay particles do not all belong to one definite and clearly defined class; 
they appear either to be a mixture of particles belonging to different 
mineralogical groups, or even for each particle itself to be a mixture of 
groups. The main minerals present are kaolinites, illites and hydrous 
micas, montmorillonites and vermiculites; but because the soil clay 
particles are usually poorly crystallised, much work has been done on 
the simpler type minerals, which are only found in the pure state in 

u ^ account of these and other methods for recognising and distinguishing between 

the different clay minerals see X^ray Identification and Crystal Structures of Clay Minerals, cd. 

and Differential Thermal Analysis qf Clay Minerals, cd. 

by K. C. Mackenzie, London, 1955. 
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certain very restricted localities. For this reason the composition and 
properties of these type minerals will be discussed in the next chapter. 

OTHER INORGANIC COMPONENTS OF SOILS 

The soil contains other material beside the definite mineral particles. 
The main additional component is organic matter, which will be 
considered later. But there is also present other inorganic material of 
very indefinite composition. If one examines the sand grains of many 
soils under a microscope, their surfaces are seen to be coated with an 
opaque layer, or to have opaque spots on their surface, and these will 
often persist after all organic matter has been oxidised. This surface 
matter can be dissolved in suitable acids, and it is found to contain 
oxides of aluminium, iron and silicon, which may be hydrated. 

The difficulty in determining the amount of these non-clay mineral 
constituents, which are often amorphous, is in finding a reagent which 
dissolves these without at the same time attacking the clay particles, for 
no reagent is yet available which will disperse them from the soil. The 
methods that have had most success involve either reducing the ferric 
oxides to ferrous ions, or forming iron and aluminium chelate com- 
pounds with oxalates, or combining the two using reducing agents in 
the presence of tartrates or citrates. Initially hydrogen sulphide was 
used as the reducing agent, ^ but now either nascent hydrogen produced 
by the action of oxalic acid on magnesium ribbon ^ or sodium hydro- 
sulphide or dithionate (Na2S204) are used.^ O. Tamm^ first introduced 
oxalates for removing iron — he found a sodium or ammonium oxalate 
and oxalic acid mixture oi' pH 3*25 seemed satisfactory, and R. K, 
Schofield® showed the efficiency of this method could be improved i: 
the extraction was made in sunlight. All these methods are liable tc 
decompose some of the iron silicates, for some of the micro-crystallin< 
iron concretions seem to be more resistant than iron silicates to thes< 
solvents. 

The form in which aluminium and ferric hydrated oxides occur ir 
soils is not always known. Alumipium can occur as the hydroxid( 
A1(0H)3, either as an amorphous precipitate or as micro-crystals o 
gibbsite, and it also occurs as micro-crystals of diaspore and boehmit 
AIO(OH). Iron does not occur as the hydroxide Fe(OH)3, 

^ E. Truog and M. Drosdoff, J. Amer, Soc. Agron,, 1935, 27, 312, and Soil Sci,, 1935, 
463. 

8 C. D. Jeffries, Proc. Soil Sci, Soc. Amer., 1945, ii, 21 1, and C. H. Williams, AnsL J. Agri 
Res.y 1950, I, 156. 

® B, C. Deb, J. Soil Sci.y 1950, i, 212; R. C. Mackenzie, J. Soil Sci., 1954, 5, 167, and wit 
B. D. Mitchell, Soil ScL, 1954, 77, 173; N. H. Aguilera and M. L, Jackson, Proc. Soil Sci. So 
Amer.y 1953, 17, 359. 

* Medd. Skogsforsoksanst.y 1922, 19, 385, and 1934, 27, i, 

® J. Soil Set., 1949, I, 1. 
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hydrated forms usually correspond approximately to FeO(OH) and 
may be present as amorphous limonite and cold precipitated ferric 
hydroxide, or as micro-crystals of goethite and lepidocrocite, which 
correspond in crystal structure to diaspore and boehmite respectively. 
But iron also occurs as the unhydrated oxides Fe^Os, known as haema- 
tite and maghemite respectively if micro-crystalline, and also as 
magnetite FcgO^, but this almost certainly is a rock mineral only. The 
maghemite is the constituent which gives soils their magnetic sus- 
ceptibility and seems to be formed only in the humus horizons of some 
soils.^ The aluminium hydrated oxides are white, the ferric coloured: 
goethite varies in colour from yellow through brown to red, pofesibly 
depending on its state of sub-division, lepidocrocite is usually orange, 
haematite red and maghemite light brown; and it is likely that\it is 
these compounds, together with organic matter, that give soils ^heir 
characteristic colours, for when they are removed all soils are whitfe to 
grey in colour. Maghemite is probably derived from lepidocrocite \by 
dehydration, and lepidocrocite may be the characteristic hydrated 
oxide formed irom the oxidation of ferrous iron in the presence of 
organic matter,® and if this is so, the presence of lepidocrocite or 
maghemite in a soil is sufficient to prove that at one lime ferrous iron 
and organic matter were present together. 

Hydrated aluminium oxide can also form solid solutions in hydrated 
silica gels, and these are sometimes known as allophane. This is typically 
the first weathering product of some types of volcanic ash or pumice, 
and its presence in a soil is good evidence for the presence of ash in the 
soil. Allophane is naturally an indefinite material, and its properties 
depend on the intimacy with which the two hydrated oxides arc inter- 
mixed.® In immature soils allophane can have a very high moisture 
content, possibly because of the original ash being very porous, but it 
shrinks and dries out irreversibly. As the soil ages allophane becomes 
more crystalline and eventually becomes the crystalline clay mineral 
kaolin.^ 

Silica can also occur in amorphous forms, both as a consequence of 
weathering and as a product of vegetation. Under some conditions, 
which do not seem to have been investigated in detail, silica can be 
deposited between soil particles to give a “silica” pan (see p. 591) as 
happens in some sandstones, in which silica binds the sand particles 
together. Also all plants contain some silica, which is returned to the 


J S. Henin and E. Le Borgne, Aim. Agron.. 1955, 5, 1 1. 

• H. W. van der Marel, J. Sediment. Petrol, 1951, 21, I2, S. Henin and E. Le Borgne, Proc. 
5th InL Congr. Soil Sci.,, Leopoldville, I9‘')4, 2, 13. 

FieJdes, J. Sci. Tech., 1956, B 37, 336, and K. S. Birrcll and 
M, r icides, J. Soil Sci., 1952, 3, 136. 

* 1 . famuraand M. L. Jackson {Science, 1953, suggest details of how this process 

takes place. 
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soil as the plant dies. Grasses in particular contain appreciable amounts, 
often in the form of particles of opal which can be clearly seen using a 
low power microscope, and these particles can be found in grassland 
soils, ^ and probably also in tropical grassland and savannah soils 
subjected to regular firing. 

It is likely that the hydrated iron oxides arc often present as nuxtures 
with silica, for whenever an iron solvent is used to remove iron, silica 
is set free also. Kubiena®, using his thin-section technique, has shown 
that iron oxides can exist in two forms in the soil: they may be de- 
flocculated or peptised sols dispersed in silica gels, in which case the 
solid solution is translucent and has a pale yellow colour, or they may 
be dense flocculated aggregates which are opaque. 

^F. Smithson, J, Soil Sci., 1958, 9, 148. 

* See his book, The Soils of Europe, London 1953, for coloured illustrations showing thb. 



CHAPTER VI 


THE CONSTITUTION OF CLAY MINERALS 

The clay minerals occurring in the soil are built out of sheets, or 
layers, of oxygen ions, and so belong to the class of layer-lattice 
minerals.^ Three types of layer lattices have been recognised in clay 
minerals, namely, the kaolin, the micaceous and the chloritej. An 
araphibole type of chain lattice also occurs in the clay minerals sepiolite 
and palygorskite or attapulgite. \ 

All clay minerals are built out of two definite building units, namely, 
four oxygens at the corners of a tetrahedron usually with a siliconl, ion 
in the centre, and six oxygens or hydroxyls at the corners of an octa- 
hedron, typically with an aluminium or magnesium at the centre. The 
silicon is thus in 4-coordination, and the aluminium and magnesium 
in 6-coordination. 

The silicon-oxygen tetrahedra in the layer-lattice are bound together 
by three of the oxygens of each tetrahedron being linked to a second 
silicon atom. Each tetrahedron is thus linked to three others in such a 
way that three out of the four o.xygens in each tetrahedron lie in a plane 
in hexagonal packing as shown in Plate III. This sheet has the unit 
composition 2(Si-l-0-l-|0) =Si205“~, hence carries one negative 
charge per silicon ion, for each silicon ion is attached to one oxygen ion 
out of the plane and to three shared ions in the plane. The octahedral 
units are linked together as in the minerals gibbsite Al(OH)3 and 
brucite Mg(OH)2 by forming two layers of hydroxyl ions in closest 
packing. Between these two layers are the octahedral holes, each of 
which contains a magnesium ion in brucite, but only two-thirds contain 
an aluminium in gibbsite, as shown in Plate III. This double sheet is 
thus electrically neutral for each mineral. Further, it can be seen that 
in brucite every hydroxyl touchb three magnesium ions, whilst in 
gibbsite, owing to the empty holes, each hydroxyl usually only touches 
two aluminium. 

Clay minerals of the kaolin group consist of sheets each built out of a 
silicon-oxygen layer in open hexagonal packing and a gibbsite layer 
fused with it so that the tetrahedral oxygens lying out of the main 
plane form part of one layer of the gibbsite structure. Thus minerals of 
this type consist of three layers: a layer of oxygens in open hexagonal 

‘ For reviews of this subject with many photographs of the structure of clay crystals, 
see X-ray Identification and Cryital Structure oj Clay Almerals ftd. G. W. Brindley, London, 1951, 
and R. E, Grim, Clay Mineralogy^ New York, 1953, 

82 
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packing, a layer of oxygens and hydroxyls in close packing, and a layer 
of hydroxyls in close packing. But the open hexagonal layer can only 
lie on the close-packed layer if the oxygens are smaller than the hy- 
droxyls, and in the ideal case, as shown in the unit cell in Plate III, in 
the ratio of VS to 2. The structural formula for this unit cell of kaolin 
is therefore 60(4Si)40-t-20H(4Al)60H, the Si and A 1 being put 
in brackets to show they occur in the spaces between the oxygen or 
hydroxyl ions. The composition of the unit cell is Si4 AI4 Om (OH)g 
and the sheet is unsymmetrical, electrically neutral, and 7-2 A,^ thick. 

Clay minerals of the micaceous type consist of a gibbsite or brucite 
layer fused with two silicon-oxygen layers, one on either side, as is 
shown in Plate III. A unit sheet of these minerals therefore consists of 
four oxygen layers, the first being the one in hexagonal packing, then 
two in close packing, in which two-thirds of the ions in each layer are 
oxygen and one-third hydroxyl ions, and finally another silicon-oxygen 
layer. The unit cell has the structural formula 

60(4Si)40+20H (4AI or 6Mg) 4O+2OH (48!) 60 

and the composition Sig(Al4 or Mgg)02o(OH)4. This sheet is 
symmetrical, electrically neutral, and 9-3 A. thick; and the type 
minerals having these structures are the micas pyrophyllite (with 
aluminium) and talc (with magnesium). The former, having two ions 
per three octahedral holes are often known as dioctahedral micas: the 
latter, with all three holes filled, as trioctahedral. 

Clay minerals of the chlorite type are composed of alternate sheets of 
brucite and talc. 

The Structure of the Kaolin Clay Minerals 

Two factors are needed to describe the way the sheets are piled one 
on top of the other. One is the distance between similar layers in 
adjacent sheets — the basal spacing of the structure; and the other is the 
relative positions of the oxygen atoms in corresponding layers of 
adjacent sheets, for, given the basaTspacing, one can still displace or 
rotate one sheet relative to its neighbour. In the kaolin mineral 
kaolinite, adjacent sheets take up fixed positions, so that the crystal has 
three-dimensional symmetry, although the symmetry in the plane 
perpendicular to the basal spacing is low. In these minerals adjacent 
sheets are held together by hydrogen bonds; for if a hydroxyl layer of 
one sheet lies close enough, and in the right relative position to the 
hexagonal oxygen layer of its neighbour, hydrogen bonds will develop 
between the hydroxyl and the contiguous oxygen ions, allowing 
' A. (Angstrom unit) = to'* cm. 
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crystals to be built up in the form of hexagonal plates, which may be 
as large as i in size if the mineral is well crystallised, as shown in 
Plate III. 

There are two other kaolin clay minerals found in the soil which 
differ from kaolinite by not having the regularity of packing of the 
sheets that kaolinite has. The one with the most disordered packing is 
halloysite, which contains a mono-molecular water layer between 
adjacent sheets, there being four w'ater molecules per unit cell, and 
these molecules form hydrogen bonds with the oxygens of one sheet and 
with the hydroxyls of the other. The particles of halloysite are usually 
not flat but tubular, having an outer diameter between 400 and iooo A. 
and a wall thickness of about aoo A.^ The cause of this curvature may 
be that the gibbsite hydroxyls by themselves have a closer packing than 
is forced on them by the silicon-oxygen layer, for a unit cell of gibbsite 
has a side of 8-62 A., but in kaolinite its cell is 8-93 A. so the hydjroxyl 
layer of a kaolin may tend to contract. This buckling presumably\does 
not happen in kaolinite because of the hydrogen bonds between the 
gibbsite and the adjacent silicon-oxygen layer, whilst with halloysite 
the hydrogen bonding is through mobile water molecules. 

The other kaolin mineral is sometimes known as the “fireclay” 
mineral and differs from kaolinite in having a less well-ordered stacking 
of the sheets, and in having particles with a much less definite shape, 
whose edges appear blurred and diffuse in electron microscope photo- 
graphs. It also contains some water, whereas kaolinite does not, and it 
may consist of halloysite sheets interleaved between sheets of kaolinite.® 

Isomorphous Replacement 

The structure of clay mineral sheets is dominated by the packing of 
the oxygen and hydroxyls ions in their layers, for the metallic cations 
merely fit in the spaces between them. Now the radius of the largest 
sphere that can just fit in the tetrahedral hole between four spheres of 
radius r is 0-225 The radius of an oxygen ion depends on its packing, 
but when in 4-coordination is i -2^ A., so the radius of a cation which 
can just fit into such a hole would be 0*29 A. A silicon ion is in fact 
slightly larger than this, so some asymmetry must be introduced into 
this simple picture. 

The radius of the largest sphere that can fit into an octahedral hole, 
when the six spheres are just touching is 0-412 r, or taking the radius 
of these oxygens as 1 -40 A., it is o-6i A. Table 24 gives estimated values 
of the ionic radii of a number of cations when in 6-coordination, and 

^ i . 1 . liatrs, 1 ’. A. Hildebrand and A. Svvlnefurd, Aimr, Mineral,^ * 950 > 3S> 4 ^ 3 * 
lor an account of these, see I.. Braiuao, J. G. Cady, et al., Soil Set,, 1952,73, 273. 
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it is seen that only the aluminium ions will fit into them, all the 
other ions given in the table being too large. Hence if all the octa- 
hedral ions are magnesium, as in talc, these two close-packed layers of 
oxygens and hydroxyls will not quite touch. 

TABLE 24 

0 

The Radii in A. of Certain Ions in 6<oordi nation^ 



The chemical composition of actual kaolin soil clay minerals agrees 
very closely with the theoretical composition of kaolinite, except that 
soil kaolins may have a rather higher water content. But the chemical 
composition of micaceous clays differs appreciably from that of pyro- 
phyllite and talc. They contain too little silicon, usually too much 
aluminium for the dioctahedral, and too little magnesium for the 
trioctahedral. In addition they contain other cations, the dioctahedral 
contain some magnesium, the trioctahedral some aluminium, and both 
contain ferric and possibly ferrous iron and small amounts of zinc, 
manganese, chromium and other metals. The reason for this is that 
some of the silicon ions in the tetrahedral holes are replaced by 
aluminium, and the other cations can substitute for aluminium and 
magnesium in the octahedral holes. This replacement of one ion by 
another of comparable size is called isomorphous replacement, ^ be- 
cause it hardly alters the size or shape of the lattice. But since the 
replacement is usually of a larger size for a smaller cation, it distorts 
the lattice to some extent so replacement is usually strictly limited* 
Thus in clays rarely as much as 15 per cent of the silicon is replaced by 
aluminium, and under 5 per cent is common in the montmoril- 
lonites; although in the true micas, which are formed at high tempera- 
tures 25 per cent are replaced, and in the chlorites up to 50 per cent 

^ Taken from L. H. Ahrens, Geochem. Cosmochem, Acta, 1952, a, 155. 

* Isomorphous replacement occurs when the crystal lattice is being formed. It cannot occur 
afterwards because the ion cannot get out of the hole. It is thus quite distinct from cation 
exchange where the ions are outside the surface of the lattice. It is interesting to note that 
silicon never replaces aluminium in 6*coordination, presumably because if the ion in the 
space is too small the lattice again loses stability. 
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may be replaced. In the octahedral holes again, except for the substi- 
tution of ferric iron for aluminium which can occur to any extent, 
either only a small proportion of the aluminium or magnesium ions are 
replaced, or nearly all are replaced by another cation.^ For reasons 
not yet explained, isomorphous replacement does not occur to any 
appreciable extent amongst the kaolin clay minerals, although the 
fireclay mineral may contain a little ferric iron, and aluminium may 
substitute to a small extent for silicon. 

Isomorphous replacement typically leads to the lattice acquiring a 
negative electrical charge, for every silicon which is replaced by an 
aluminium, or every aluminium replaced by a magnesium 6 r other 
divalent cation causes a unit negative charge due to the charg^ on the 
oxygen ions not being fully neutralised. However, clay minOTals do 
not acquire as high a negative charge as would be expected from the 
extent of isomorphous replacement, presumably because such highly 
charged lattices are unstable, so some of the charge is neutralised inter- 
nally by up to 2*22 of every three octahedral holes being filled with 
cations in the dioctahedral clays, and when aluminium and iron 
replace some of the magnesiums in the trioctahedral by up to o-i2 out 
of every three holes being left empty. ^ 

The Structure of the Micaceous Clays 

A mica such as muscovite is built up of 4-layered sheets in which one 
silicon in four is replaced by an aluminium ion, so the unit cell carries 
two negative charges which are neutralised by potassium ions. These 
potassium ions sit in the holes in the oxygen sheets in such a way that 
adjacent sheets are regularly stacked one on the other with the corre- 
sponding holes lying over each other, thus every potassium ion is in a 
hole which is surrounded by twelve oxygens, six in each sheet. Such a 
mineral has a much higher crystal symmetry than have normal clay 
particles, except that in some glacial tills, many of the clay particles are 
simply finely ground mica partiqjes. Potassium is the only ion which 
is found in this position in well-crystallined micas, presumably because 
it is the only common simple ion whose size is such that it can just fit 
into this hole formed by these twelve oxygen ions. 

The clay minerals based on the mica structure differ from micas in 
two important respects. First of all the negative charge on the surface 
is lower, and often much lower than on the micas, being equivalent to 

^For a review of this subject, see C. S. Ross and S. B. Hendricks, U.S. GeoL Surv., Prof, 
Paper 205B, 1945, and Proc, Soil Sci. Soc. Amer.^ 1942, 6, 58, and J. W. Earley, B. B. Osthaus and 
I. H. Milne, Amer, Mineral.^ 1953, 38, 707. ifiese papers give examples of analyses of clay 
minerals to illustrate the range of replacements found. 

* R. E. Grim, Clay Mineralogy, New York, 1953. 
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about two-thirds of a unit or less per unit cell instead of two units. 
Secondly the micaceous clay minerals contain more water of constitution 
than do the micas, possibly in part because the hydrion H3O+ has 
almost the same size as the potassium ion and replaces potassium in 
12-coordination with oxygen. The less hydrated clay minerals are often 
called illites and the more hydrated hydrous micas, but the names are 
usually used loosely and often synonymously. 

These micaceous-type clay minerals show the property of potassium 
fixation, which is of great interest in the potassium-supplying power of 
soils to plants and so is discussed in more detail on p. 512. In actual 
micaceous clays a part at least of the cations neutralising the negative 
charge are not poteissium, and in soils are usually calcium or aluminium; 
and if these clays are dispersed in water these cations can be readily 
replaced by others simply by adding a soluble salt of the other to the 
water. This is the phenomenon of cation exchange, which will be 
discussed further in Chapter VII, whilst the potassium ions in the 
micaceous part of the structure usually are not so accessible, so do not 
take part in these exchanges. But if some of the calcium is replaced by 
potassium in actual micaceous clays it will often be found that some of 
this potassium ceases to be readily exchangeable, and this conversion 
of potassium from readily to very slowly exchangeable or non-exchange- 
able form is helped by drying the clay. To a lesser extent ammonium 
ions, which have a similar size to potassium, also show the same be- 
haviour, and the hydrion does also. There is probably a considerable 
variation in the extent to which the hydrous micas in the soil show this 
property, and in particular it is possible that one of the soil clay minerals, 
called degraded illite by R. Brown^ and ammersooile by H. W. van der 
MareF shows it very strongly. 

Another group of mica-like clay minerals form the montmorillonite 
group. In these the negative charges on the clay minerals are neutralised 
by ions other than potassium or hydrions, and there are no strong 
bonding forces holding the sheets together. Thus if the clay is strongly 
dried, so the neutralising cations have been dehydrated, and is then 
wetted, water molecules can enter between the sheets to hydrate the 
cations, and if other cations are introduced into the outside solution, 
they can diffuse between the sheets and replace those originally there. 
These clays are therefore characterised by having no feed spacing 
between the sheets, for the spacing depends on the cations present and 
on their hydration. In the extreme case of cations which can dissociate 
relatively easily from the charged surface when the electrolyte con- 
centration in the solution is low, such as sodium ions, the net force 
between sheets is one of electrical repulsion and the individual sheets 

‘ JVa/Hrf, 1954, 173, 644. > Soil Sci., 1954, 78, 163. 
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will separate from each. When such a clay deflocculates, the individual 
particles will be only one sheet thick, and the properties of such sus- 
pensions will be discussed further on p. 130. The nomenclature of this 
group of clay minerals again is not standardised, though amongst the 
dioctahedral members of this group beidellite is often used for the 
aluminium-rich, montmorillonite for the magnesium-rich, and non- 
tronite for the iron-rich members. 

The distinction between beidellite and montmorillonite is not often 
made largely because there have been no simple methods for distin- 
guishing between them unless that proposed by R. Greene-Kelly^ is 
found acceptable. He found that lithium-saturated montmorillonites, 
heated to 200"^ C. collapsed and lost much of their exchange capacity, 
and that lithium-saturated beidellites did not show this behaviour. 

Vermiculite, a mineral which can occur as large crystals, is similar 
to micas except that it has a higher surface density of charge. i\t is a 
trioctahedral mineral with magnesium in most of the octahedral Wlcs 
instead of aluminium in only two-thirds, and the positive charges be- 
tween the sheets are neutralised by magnesium ions in 6-coordination 
with water molecules which take up definite positions with respect to 
the oxygens of the clay, so the sheets are held together partially by the 
negative charges on the magnesium ions and partially by hydrogen 
bonding between the water molecules and the oxygens on the outside 
layer of the sheet. ^ Chlorite, another mineral which can occur in 
visible crystals and probably differs from vermiculite in that the inter- 
layer magnesium ions are in 6-coordination with hydroxyls instead of 
with water molecules, and since this brucite sheet is unchanged, the 
4-layer sheet must have a low charge density. 

There are also clay minerals in soils which give an X-ray diagram 
similar to that expected from a dioctahedral vermiculite, but these are 
more probably montmorillonite particles held together by an adsorbed 
layer of basic aluminium ions, such as could be produced during 
weathering under acid conditions, rather than true vermiculites.® 

Interstratified Clay Minerals and Actual Soil Clay Minerals 

The best-established example of an interstratified clay mineral is 
chlorite, in which brucite sheets are interleaved with talc, to which a 
vermiculite sheet is closely related; and like talc and vermiculite, 
chlorites can occur in crystals much larger than clay size. Chlorite 

1 J. Soil Set., 1953, 4, 233. 

* A. M. Mathicson and G. F. Walker, Amer, Mineral., 1954, 39, 231. 

Brown, J. Soil Scu, 1954, 5 ? * 55 *> C. I. Rich and S. S. Obenshain, 
Pr^. Sou Set. Soc. Amer., 1955, 19, 334; T. Tamura, J. Soil Sei., 1958, 9, 1 41, and B, W. Avery, 
I. Stephen et al,, j. Soil Sei., 1959, 10, 177, 
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sheets often carry little net charge, as much of the charge due to 
isomorphous replacement in the talc sheet is neutralised by some iso- 
morphous replacement of aluminium for magnesium in the brucite. 
In some chlorites the brucite layer is mainly replaced by a gibbsite one, 
and the chlorites differ from the vermiculites in that the double oxygen 
layer is a double water layer in the vermiculites and a double hydroxyl 
layer in the chlorites. 

In soil clays interstratification probably occurs under some condi- 
tions, and in particular some mica minerals which have become ex- 
panded may have a sheet of some other mineral formed between their 
sheets, giving a randomly interstratified mineral. The fireclay kaolin 
mineral may also have some halloysite sheets interstratified. The 
composition of the clay fraction of a soil can therefore be difficult to 
determine, and this is due not only to the amount of interstratification 
but also because many of the sheets appear to be poorly crystallised, 
possibly because of distortions introduced by the isomorphous replace- 
ment which has taken place. Thus many of the earlier identifications 
of clay minerals in soils are not entirely satisfactory, as the complexity 
of the clay mineral assemblage in some soils was not then realised. 

The Charge on the Clay Lattice 

Very few accurate determinations have been made of the permanent 
negative charge on soil clay minerals, for reasons which will be dis- 
cussed in the following chapter. Kaolinite never seems to carry much 
charge; it is usually between 3 and 4 milli-equivalents per 100 gm., and 
can certainly be as high as 7-4,^ due to a small amount of replacement of 
silicon by aluminium; and halloysite when found as a pure clay mineral 
also has a low value. Samples of kaolin and halloysite soil clay minerals 
often have a higher value, figures of 10-15 milli-equivalents being 
common and up to 50 being reported. Unfortunately some of these 
high figures may be due in part to contamination with much more 
highly charged micaceous and montmorillonitic clays, and it still is not 
certain how high a permanent negative charge a soil kaolinite or 
halloysite can have. 

The total negative charge on micaceous clays is usually considerably 
greater than on kaolinites. Illites run from 10 to 40, montmorillonitei 
from 60 to 150, vermiculites from 100 to 150 and chlorites 10 to 40 milli- 
equivalents per 100 gm. The chain lattice clay minerals of the attapulgit( 
type run firom 20 to 30.® It is interesting to translate these figures inti 
negative charges per unit cell. Taking montmorillonite as an example 

^ R. H. S. Robertson, G. W. Brindley and R. C. Mackenzie, Amer. Mineral,, 1954, 39, 1 18. 

■ R. E. Grim, Clay Mmerahgy, New York, 1953. 



go THE CONSTITUTION OF CLAY MINERALS 

and using a molecular weight of 720, a surface area of 46*1 sq. A. on each 
face, and a negative charge of 100 milli-equivalents per 100 gm,, there is 
0*72 unit charge per unit cell, or a charge density of one negative 
charge per 130 sq. A. This calculation is naturally very approximate 
as isomorphous replacement affects the molecular weight and area of 
the unit cell. Further, 80 milli-equivalents is probably a more common 
charge, giving a surface area of 160 A. per unit charge. This area is 
large enough to allow large organic cations to neutralise this charge 
and still to form only a mono-ionic layer on the surface. 

Clay particles can carry an electric charge for a second reason, and 
this is because of the conditions at the broken edges of the crystal sheets. 
On the edge of a micaceous sheet, the open packed hexagonal oxygens 
can only touch one instead of two silicon ions, so only one of th^r 
negative charges has been neutralised and the other is neutralised by\a 
hydrogen ion in acid conditions, giving a weak silicic acid-like group 
EEzSi — OH, but this hydrogen ion dissociates in alkaline conditionsi'. 
This can be seen in the buffer curve of a montmorillonite given in 
Fig. 9 on p. 95, where the charge on the particle is due solely to its 
permanent negative charge up to pYi 6-7, and it then increases by about 
60 milli-equivalents per 100 gm. up to 1 1-12. A rough calculation 
shows that this is of the order to be expected, for a typical montmoril- 
lonitc particle is one sheet thick and can be considered to be a circular 
disc about 200 A. diameter. There will be a hydroxyl attached to a 
silicon at about every 5 A. around the periphery, so such a particle 
would contain 340 unit cells and 125 broken bond hydroxyls, which is 
equivalent to 50 milli-equivalents per 100 gm. of clay. Naturally the 
larger the clay crystal, and most micaceous clay particles arc larger, 
the smaller is the increase in negative charge with increasing //H. 

Kaolinite particles also show this effect, though it is probable that 
the ratio of the pR dependent charge to the permanent negative charge 
is much higher for the kaolin than the micaceous clay minerals. A, 
Mehlich and his co-workers^ in fact estimate the proportion of these two 
groups of clay minerals in a soil by assuming that all the permanent 
negative charge on the clay colloids is due to micaceous clays and all 
the dependent charge to the kaolinitic, and although this assump- 
tion cannot be strictly valid, yet the results based bn it are reasonably 
accurate. 

Kaolinite particles can also acquire a positive charge in acid con- 
ditions. R. K. Schofield and H. R. Samson^ have shown that the 
conditions on the broken edge of a kaolinite particle under very acid 
and very alkaline conditions can be represented as follows: 

^ See, for example, N. T. Coleman, S. B. Weed and R. J. McCracken, Proc. Soil Scu Soc, 
Arm,, 1959, 23, 146. 

^ Faraday Soc. Disc. i8, 1954, 135. 
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This requires that the surface of each unit cell on the broken edge, 
which has an area of 33 sq. A., should acquire a positive charge of one 
unit in acid and a negative charge of two units in alkaline conditions. 
These positive charges are neutralised cither by simple anions, or 
sometimes in part by very small clay particles, such as montmorillonite 
particles, sticking to the broken edge. It is also possible that humus 
particles and large anions such as the polyacrylate anions in some soil 
conditioners can be held on the edges of these particles. These long 
chain anions probably act as soil conditioners by virtue of their ability 
to hold clay particles together edge-to-edge in a random stacking, to 
give an open porous aggregate that is relatively stable.^ 


1 See, for example, R. A. Ruerhrwein and D. W. Ward, Soil ScL, 1952, 73, 485. 



CHAPTER VII 


THE CATION- AND ANION-HOLDING POWERS 

OF SOILS 

Soils have been known to hold cations since 1850, when H. S. 
Thompson, a Yorkshire gentleman, discovered first of all that soils had 
the power to absorb ammonia, and secondly, the more surprising fact, 
that if a dilute ammonium sulphate solution is percolated through a 
soil, it is calcium sulphate and not ammonium sulphate which\ first 
washes out.^ He communicated these findings to J. T. Way, Christ 
to the Royal Agricultural Society of England, who confirmed these 
facts, and further showed that potassium salts behave in the same ^ay 
as ammonium. 2 He called the phenomenon base exchange, because 
it involves the quantitative exchange of one base or, as we would now 
say, one cation for another, and concluded that soils must contain in- 
soluble calcium salts which could be converted to insoluble salts of 
alkalis, and that these salts were connected with the clay in the soil. 
This conclusion had almost been reached twenty years earlier by an 
American, Edmund Ruffin of Virginia,® who showed that sour soils 
contain insoluble acids and the function of calcareous manures was to 
neutralise these acids. 

The methods used for investigating these insoluble soil acids have 
been taken over from the methods developed by physical chemists for 
estimating the strength of weak soluble acids, as, for example, acetic. 
The principal method employed is to determine the buffer curve of the 
acid soil, which is done by making a suspension of the soil and measuring 
its change of pYi as increasing quantities of an alkali are added; for the 
soil is a buffer, that is, it reduces the rise in />H that would occur if the 
alkali was added to a volume of water equal to that of the soil suspen- 
sion. Fig, 6 gives an example of the buffer curve of a weak polybasic 
acid, and Fig. 7 of an acid soil. In mineral loam and clay soils, the clay 
fraction is the principal buffer present, though in surface soils, parti- 
cularly if sandy, the humic part of the organic matter present may 
make an appreciable contribution. Fig. 8 gives a buffer curve of a soil 
clay, determined under four conditions, and it shows that the buffer 
curve depends on the base being used and the salt concentration in the 
suspension. Because these curves bear some resemblance to those of 

’J. Rt^. Agric. Soc., 1850, ii, 68. 

* J. %. Agric. Soc., 1850, II, 313; 1852, 13, 123. 

An Essay on Calcareous Manures, Petrrsburg, Va., 1832. 
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weak adds, soil chemists at one time tried to interpret them in terms of 
a weak polybasic add, but interest in this disappeared as the true nature 
of clay nlinerals was discovered. 



Added per Mol. ■ of Phosphoric Acid 
Fig, 6. Titration curve of phosphoric acid with sodium hydroxide. 



Fig. 7. Influence of aluminium on the buffer curve of Rothamsted soil (R. K, Schofield). 
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Clay titrated with 
NaOH 

Clay in iN.NaCI 
titrated with NaOH 


► Clay titrated with 
Ca(OH)2 
. Clay in IN.CaCl2 
titrated with Ca|OH)2 


Fig. 8 . Titration curve of a clay separated iVom a Bengal soil, showing the cfTect of the base 
used and the salt concentration.^ 


Clay Acid or Acid Clay ? 

A direct consequence of Way’s theory that a normal neutral soil is a 
calcium salt of a clay acid, which can be converted to an ammonium 
salt by percolating through an ammonium chloride solution, is that 
the free clay acid should be produced when a dilute hydrochloric acid 
solution is percolated through. One can demonstrate the existence of 
the ammonium salt by washing out the ammonium with another salt, 
say barium chloride, and show the barium has displaced as much 
ammonium from the soil as the ammonium displaced calcium. How- 
ever, if one percolates the barium^ chloride solution through the acid 
washed soil, the leachate is found to contain far more aluminium than 
hydrogen ions; and this is not confined to acid washed soils, for if a 
neutral salt is percolated through any acid soil the leachate is acid, but 
its main constituent is aluminium, and the amount so leached out has 
been called the exchange acidity of the soil. 

This result implies that an acid soil should be thought of as an 
aluminium rather than as a hydrogen soil, and the validity of this 
picture is illustrated in Fig. 7, which shows the buffer curves of the soil 
from two of the plots on the Rothamsted Park grass experiment. This 

1 Taken from J. N. Mukherjec and R. P. Mitra, Indian J, Agric, ScL, 1942, 12, 433. 
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field is old permanent meadow, and Plot 12 has been unmanured since 
1856 and is moderately acid, and Plot ii has had a complete fertiliser 
including 600 lb, per acre of sulphate of ammonia annually since then, 
so is extremely acid, R, K, Schofield has, however, shown that if the 
mildly acid soil is leached with aluminium chloride, its buffer curve 
corresponds very closely with that of Plot 1 1, 

One of the most direct methods for studying the origin of the electric 
charges and the amount of hydrogen and other ions held by an acid 
clay is by obtaining its heat evolution curve as alkali is added to the 



Fig. 9. The heat of neutralisation and the buffer curve of a freshly prepared and an aged 

acid montmorillonite. 

acid clay suspension. Fig, 9^ shows such curves for an acid montmoril- 
lonite freshly prepared by leaching through a hydrogen-saturated 
cation exchange resin, and for the same suspension after it had stood for 
60 days. 

The heat evolution curve for the freshly prepared acid montmoril- 
lonite shows that for the first 80 mini-equivalents of alkali added, the 
heat evolved is 13-5 k, cal. per equivalent, and this is due to the reaction 

H+ 4 - 0 H-->H 0 H 

and the same figure is obtained if a hydrogen-saturated exchange resin 
is titrated with an alkali. Thus this freshly orepared acid montmoril- 
lonite contains about 80 milli-equivalents of hydrogen ions neutralising 
its permanent negative charge. The heat evolved then starts dropping 
until it falls to zero when 140 milli-equivalents of base have been added; 
and this curve presumably represents the heat of neutralisation of the 
‘ W. H. Slabaugh, J. Atm. Chm. Soc., 195a, 74 , 4462. 
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hydrogen ions dissociating from hydroxyls on the broken edges of the 
crystal sheets. 

The heat evolution curve for the aged acid montmorillonitc corre- 
spondingly shows that it contained about 45 milli-cquivalents of 
hydrogen ions and about 50 milli-equivalents of something else evolving 
alrout 9 k. cal. per equivalent, whilst the aged electrodialysed clay had 
about 15 milli-equivalents of hydrogen ions and about 60 milli- 
equivalents of something else evolving about 5 k. cal. per equivalent. 
Unfortunately not enough work htis been done on this phenomenon to 
allow of any unequivocal interpretation of it, but it is probable that 
both the reactions evolving in the one case 9 k. cal. and thej other 
5 k. cal. per equivalent are due to a reaction something like 

Clay-Al 4- 3 M+ -1- 3 OH" — ► Clay-M + Al(OH)3 \ 

\ 

though it is not known why one heat of reaction should be nearly dpuble 
the other. M. E. Harw'ard and N. T. Coleman,^ who repeated parts of 
this work found the heat of reaction of an aluminium-saturated 
exchange resin, an electrodialysed montmorillonite and an aluminium- 
saturated montmorillonite was between 5*5 and 6-5 k. cal. per equiva- 
lent, which is intermediate between the two figures obtained by 
Slabaugh. 

Fig. 9 also shows the potentiometric titration curves for the freshly 
prepared and the aged montmorillonite, which unfortunately were not 
carried out in a salt solution. The figure shows that the /»H of the true 
H-montmorillonite did not begin to rise appreciably until almost all the 
exchangeable hydrogen had been neutralised. At about 6 the edge 
hydrogens begin to dissociate, and their neutralisation is complete at 
about pin II, as judged by the heat evolution curve. This completion 
is not shown by the potentiometric curve because the clay begins to 
decompose at these high pHs. If the titration had been done in N . KCP 
it is probable that the dissociation would have been complete at about 
pH 9-5-10, and it is possible that this curve fits a Henderson type 
dissociation curve with a pK 8-3.® 

On the other hand the buffer curve for the aged clay show's a fairly 
steady rise of/»H, once the exchangeable hydrogen has been neutralised, 
and it is not possible from the curve to say at what point the exchange- 
able aluminium ions have been precipitated or the edge hydrogen ions 
begin to dissociate. It is, however, often possible to show a distinct 
break in the curve if the titration had been done in a salt solution, such 
as N.KCl. This slow rise of /;H as the aluminium ions are being 

^Soil Sci, 1954, 78, i8r. 

® M. r*. Harward and N. 'I'. Coleman, Soil Sti., 1954, 78, 181 give curves done in N.KCl 
and in water. 

* A. M. Rommer and D. Carroll, Kature, i960, 185, 595, 
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precipitated, which goes on up to j&H 5-7, depending on the concentra- 
tion of the salt solution, is due to some of the aluminium ions being 
bound very strongly to the clay surface, so it can in fact hold an appreci- 
able proportion of exchangeable aluminium, possibly partly by the 
formation of the basic aluminium ion (AlOH)^'’",^ when in equilibrium 
with a solution only containing a very low concentration of these ions. 

The conclusion from this work is that if a montmorillonite is treated 
with a strong H-resin, or with a strong acid, such as N.HCl, a true H- 
montmorillonite is produced, which if allowed to stand in water, slowly 
goes over to a mixed aluminium and hydrogen montmorillonite; 
although the clay will remain a hydrogen clay if it was dispersed in a 
more weakly dissociating solvent than water, such as methyl alcohol. ^ 
On the other hand, as Harward and Coleman showed, if the acid clay 
is prepared by washing with a dilute acid, such as o*iN.HCl, the 
mixed hydrogen-aluminium clay is produced initially. The reasons why 
the hydrogen clay is not stable, and the detailed mechanism of decom- 
position of the clay to release aluminium ions to help neutralise the 
charge on the lattice, are not known. 

The proportion of hydrogen to aluminium on an acid clay can be 
determined most simply in the laboratory by a conductometric titra- 
tion, for this curve is almost a series of straight lines, the first change of 
slope occurring when all the hydrogen ions neutralising the permanent 
negative charge have been neutralised, the second when the exchange- 
able aluminium ions have been precipitated, and the .third when all the 
edge hydrogen ions have been neutr^sed.® But the proportion can be 
determined by direct chemical analysis, for if an acid clay is leached 
with a slightly acidified barium chloride or silver nitrate solution, the 
barium or silver will displace relatively easily both the exchangeable 
hydrogen and aluminium ions, and the amount of barium or silver held 
by the clay after leaching can be very easily determined. 

There is an important consequence of an acid clay usually being 
mainly an aluminium clay. If a clay is alternatively leached with a dilute 
acid and a neutral salt, it will suffer repeated decomposition, for the 
neutral salt removes the aluminium ions which have to come out of the 
clay lattice to neutralise the charge on the acid clay. The silica, which is 
released in this decomposition, usually washes out during the acid 
leaching. 

So far most of the discussion has been on the buffer curves of the clay 
fraction of a soil, and whilst in most agricultural soils nearly all the 
buffering of the mineral particles resides in the clay fraction, there are 
some soils in which a considerable proportion resides in the silt and 

^ R, K. Schofield and A. W. Taylor, J. Chem, Soc.y 1954, 4445 give the pK. for its formation. 

* R. P. Mitra and H. Singh, J\faturw,y 1959, 46, 319. 

* See, for example, T. M, Lai, M. M, Mortl^d and A. Timmick, Soil Sci>y 1957, 83, 359. 
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sand fractions. These are usually soils derived from basic igneous 
rocks, which are not strongly weathered, and which contain vermi- 
cuUtes or chlorites in these fractions.^ Amorphous hydrous oxide 
precipitates in soils may also possess appreciable buffering capacity in 
neutral or alkaline conditions, and it is probable that allophane shows 
this most strongly, and that hydrous alumina shows this more strongly 
than hydrous ferric or titanium oxides.® The soluble silica which is 
always present when a soil is shaken up with water will also contribute 
to the buffering, but this is normally a very minor contribution. 

Cation Exchange Capacity of a Soil I 

So long as soils were considered as simple acids, there was a definite 
amount of base that needed to be added to that soil if the acidity was 
to be neutralised. The early soil chemists thus thought of a ifoil as 
possessing a definite base holding, or base exchange capacity; and When 
it held tliat amount of base the soil was said to be saturated, whilst if 
it held less it was unsaturated with bases. But this simple picture is 
now known not to apply to soils, yet these concepts of base exchange 
capacity and base saturation have proved so useful in practice that they 
are still widely used. 

The base exchange capacity, or as it is now usually called the cation 
exchange capacity, is an arbitrary concept arbitrarily defined. The 
most common definitions are based on determining the amount of 
simple ions, such as sodium, ammonium, calcium or barium, a soil can 
hold when the salt solution, usually buffered at about pH 7, is leached 
through the soil, though some workers have used a higher pH, A. 
Mehlich,® for example, has used pH 8*i which can be easily obtained 
using tri-ethanolamine as a buffer. On the whole, all these four cations 
give about the same exchange capacity, which does not depend very 
much on the exact technique used, but the variation is far too great for 
it to be possible to talk about the cation exchange capacity of a soil at 
/>H 7, for example, without at the same time specifying the method by 
which it has been measured. 

One of the reasons that the phrase base exchange capacity rather 
than cation exchange capacity has remained in use for so long is that 
this exchange capacity at say pH 7 is approximately independent of 
the cation used for these simple bases. But if the buffer curve of a clay is 
determined using say nickel as the cation instead of sodium, the clay 

^ For an example of a soil from basalt in N. Ireland, sec D. M. McAleese et aL, J, Soil Sci,, 
1957, o, 135; I 959 > 9 , 66, 81, 289. 

K. S. Birrell and M. Gradwell, J. Soil Sci,, 1956, 7, 130; M, Fieldes, L. D. Swindale, and 
J^. P. Richardson, Soil Sci., 1952, 74, 197; and ‘W. P. KcUcy and J. B. Page, Pm, SoU ScU 
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will begin to take up very much more nickel than sodium when the /H 
begins to approach that at which the hydroxide will precipitate. This 
behaviour is not due, or at least not solely due, to the formation of a 
basic ion, for it is shown by calcium and barium, which do not form 
basic salts, as by magnesium, manganese, nickel and zinc, which do.^ 
There is also some evidence that clays will take up larger amounts of 
copper and zinc than of other metallic cations when the is well 
below that at which the hydroxide could be precipitated, but if this is 
so, no satisfactory explanation of this effect has been given.* 

The Anion-holding Power of Soils 

Clay minerals can take up anions from acid solutions since, as ex- 
plained on p. 91, their broken edges acquire a positive charge due to 
the absorption of hydrogen ions in excess of what is needed to neutralise 
the charge on the oxygen and hydroxyl ions on these surface edges. 
This effect is relatively much more noticeable with kaolinitic than with 
other types of clay. Soils can acquire positive charges in acid solutions 
for an additional reason, for they may contain precipitated films of 
hydrated iron and aluminium oxides which display this property. Table 
2 5 shows this effect for a Rothamsted subsoil from which as much of the 
exchangeable aluminium as possible has been carefully and thoroughly 
removed.* The table shows that these positively charged spots may 
not be an integral part of the clay particles, for they are apparently 
removed by treating the soil thoroughly vwth Tamm’s acid oxalate 
solution in sunlight — a treatment which removes these hydrated 
precipitates without attacking the clay particles — but their removal 
may be more apparent than real, for it could be due to the oxalate 
anions being held tightly on them. 

These positive charges need not necessarily be neutralised by simple 
anions if they are very close to negatively charged spots, for if the 
electrolyte concentration is not too high, the double layers around the 
positive and negative spots will interpenetrate with a consequent de- 
crease in the cation concentration in the interpenetrating layers. 
Hence such a system can only show its maximum absorption for anions 
when the electrolyte concentration is sufficiently high to compress the 
double layers so much that there is no interpenetration. R. K. Schofield® 
has, however, found that in many soils these spots are so close together 
that still more powerful methods are necessary to separate these double 
layers, showing that they must be extremely close together. Fig. lo, 

^ C. A. Bower and E, Truog, Proc, Soil Sci, Soc, Amer,^ 1940, 5, 86. 

* L. E. DeMumbrum and M, L. Jackson, Proc. Soil Sci* Soc, Amer,, J956, zo, 334, and 
Soil Sci,, 1956, 81, 353. 

• R, K. Skhofield, J. Soil Sd,, X949, X, U 
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TABLE 25 

Uptake of Ammonium and Chloride by a Rothamsted Subsoil from an 
N/5 Ammonium Chloride Solution at different pHs 


Uptake In milU-equIvalents per 100 grams of oven-dry soli 


pH 

Chloride 

adsorbed 

Positive 

charge 

Excess of NH4 
over Cl adsorbed 

Negative 

charge 

205 

1-5 

20 

19-5 

21-5 

2-3 

1-3 

1-8 

21-3 

23- 1 

2-6 

1-2 

1-7 

21-7 

23-4 

31 

1-2 

1-7 

21-6 

23‘3 

3-3 

11 

1-6 

21-7 

233 

3-8 

0-6 

M 

22-3 

23-4 

5-5 

00 

0-5 

24-0 

24-5 

6-2 

-0-4 

01 

25-7 

25-3\ 

7- 15 

-0-6 

-01 

27-0 

26 9. 

7-4 

-0-5 

00 

28-2 

28-2 ' 


Samples treated with Acid Ammonium Oxalate 
Uptake in mllll-equivalents per 100 grams of untreated oven-dry soil 


2-5 

-0-3 

0-2 

23-2 

23-4 

3-65 

-0-5 

00 

23-5 

23-5 

4- 15 

-0-6 

-01 

23-3 

23-2 

7-5 

-0-4 

0-1 

26-8 

26-9 



Charge in MilU-equivalmts per lOO grams of Soil, 

Fig. io. The titration curve of a heavy alluvial clay soil. 

P is the permanent negative charge on the clay. 

A is the additional negative charge developed at high pH, 

B is the positive charge developed at low pH, 

The arrow shows the maximum uptake of chloride from alcoholic HCl. 








AN AMPHOTERIC SOIL 


lOI 


taken from Schofield’s paper, shows the buffer curve for a Gezirah clay 
soil when as much of the exchangeable aluminium as possible had 
been washed out, so it should have given a curve similar to montmoril- 
lonite below pH 6-7. Schofield showed that the curve below pH 7 was 
primarily due to the effect of pH on the number of positive charges, 
for he measured the total positive charges on the soil by measuring the 
absorption of chloride from alcoholic hydrochloric acid, which sup- 
pressed the double layer altogether. The figure shows that the buffering 
below pH 7 is almost exactly equal to the positive charges determined 
in this way, thus demonstrating that this buffer curve is really the curve 
for the disappearance of positive charges as the pH rises rather than 
the appearance of negative charges. 



Positive Negative 

Charge In Mllll-equivalents per 100 grams Soil or Clay 

Fig, 1 1 . The titration curve of a tropical red loam. 

P is the pennanent negative charge on the soil particles. 

A is the additional negative charge developed at high /?H. 

B is the positive charge developed at low pH, 

The arrow shows the maximum uptake of chloride from alcoholic HCL 

It is interesting that there are some soils in which the positive charges 
in acid conditions can be larger than the permanent negative charge, 
and such a soil then acquires a net positive in a sufficiently acid medium. 
Fig. II, also from Schofield’s paper, gives an example of the buffer curve 
of such a soil, which is a soil from Natal, and shows that it is positively 
charged below pH 4 and negatively charged above. Such a soil is said 
to be amphoteric and to possess an iso-electric point, which occurs at 
about pH 4 for this soil in the conditions under which this buffer curve 
was obtained. Amphoteric soils, such as this one, however, appear to be 
very rare in nature, and the conditions under which they are formed 
are not known. 
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A consequence of a soil having positive and negative spots very close 
together, so the double layers around them interpenetrate when the 
salt solution around them is very dilute, is that if conditions are made 
suitable for anion absorption to take place, for example by making the 
solution add or increasing the salt concentration, both the anion and 
the cation of the salt are absorbed on the neighljouring positive and 
negative spots, so the soil will absorb a neutral salt under these con- 
ditions.^ If the soil is now leached with water, the salt vwll either be held 
against leaching if the anion is strongly absorbed, or will only be washed 
out slowly; and this salt retention, measured under standard conditions 
of leaching, can be used to demonstrate the presence of suc|ji positive 
charges on the soil particles.® 

It is not known definitely what kind of soil surfaces h^e their 
positively and negatively charged spots so close together that one must 
take precautions to suppress the diffuse double layers for the presence 
of the positive spots to be easily demonstrated. They could be produced 
on mixed humus-sesquioxide films, and such a mixed material probably 
occurs in surface soils containing allophane, but it is more probably 
either that the surface of a clay particle is a mosaic of clay surface and a 
sesquioxide precipitate, or that the clay particle has a sesquioxide film 
absorbed on its broken edge. 

The number of these positive charges which a soil carries can also 
be determined if the soil is treated with a salt whose anion is very 
strongly absorbed on these positive spots. The phosphate anion nearly 
fulfils this condition, and in consequence A. Mehlich® has proposed to 
measure these positive charges by treating the soil with phosphoric 
acid, which gives a low enough pH to allow most of the hydroxyl ions 
to dissociate from these spots. He also considers that, since the phosphate 
is held very strongly on these spots, the increase in the cation exchange 
capacity of the soil brought about by this treatment measures the 
number of such positive spots on the sesquioxide films. 

Anion exchange differs firom cation exchange in that most soils 
possess a permanent negative charge, hence show reasonably quantita- 
tive cation exchange over a wide pH range, but they do not possess a 
permanent positive charge, so anion exchange phenomena are very pH 
dependent. But in acid conditions anion exchange can be quantitative, 
and the tightness with which the anions are held depends very strongly 
on the anion.* Thus chlorides and nitrates are only weakly held by 
soils, and can be removed completely by reducing the electrolyte 


Sec, for example, A. S. Ayres and H. H. H^hara, Soil ScL. 1953, 75, i, and £. J. Kamp- 

J* Amer., ^ 

1 A Soil Seu Soe. Amer., 1959, *3, 348. 

• J. Ass. Off. Agne. Chm., 1953, 36, 445- 
See, for examide, A. Dcmolon and E. Bastiasc, Arm. Agron., 1934, 4, 53. 
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concentration around the particles, so the double layer due to a negative 
charge on a particle interpenetrates and replaces that due to a 
positive charge. Other anions, such as phosphate and some polyvalent 
anions, are held closer to the positive charges, so that the double layer 
due to the negative charges cannot expel them. Hence, these anions 
cannot be washed out by distilled water, but need to be displaced by 
other anions. 

The exchange and retention of phosphate anions in particular 
have been investigated because of their agricultural importance. 
They can probably be adsorbed and tightly held as monovalent 
H2P04~ ions. They can be removed by other strongly adsorbed anions 
such as divalent arsenate, silicate, citrate, oxalate, hydroxyl and fluoride; 
but possibly only the arsenate and silicate give typical exchange 
reactions.^ Thus the citrate and oxalate ions may displace the phos- 
phate more by dissolving the iron-rich material responsible for the 
positively charged spots than by anionic exchange, and a high con- 
centration of hydroxyl ions normally causes some decomposition of the 
whole complex. The effect of fluoride is also uncertain, as more fluoride 
is adsorbed than phosphate displaced. 

The pH of a Soil 

The pH of an aqueous solution is defined as the negative logarithm 
of the hydrogen-ion activity in the solution, which is the same as the 
hydrogen-ion concentration if the solution is very dilute, but which 
is increjisingly smaller than this concentration as the salt content 
of the solution increases. This concept appears to be quite definite 
so long as one is dealing with volumes large compared with mole- 
cular dimensions, for the individual molecules and ions composing 
the solution are uniformly dispersed throughout it within the limits set by 
variations due to molecular and ionic thermal movements. These volumes 
may, however, have to be very large, in terms of molecular dimensions, at 
the end of the pH range of importance in soils. Thus a solution at pH 7 
will, on the average, contain one hydrogen ion in a cube of side 0-25 
— -just about the minimum-sized volume visible fairly clearly in a 
microscope fitted with a 1/12 in. objective. But the pH of a soil dis- 
persed in water is not a simple concept like this; for the soil particles, 
which carry ions attached to them, are very lai^e compared to mole- 
cular dimensions, and the ions are, therefore, not uniformly distributed 
throughout the solution. The concept of the pH of a soil, or rather a 
soil suspension, can therefore only be discussed in relation to the pro- 
perties of the ionic atmosphere around the soil particles. 

* L. A. Dean and E. J. Rubina, Soil Set., 1947, 63, 377; L. T. Kurtz, E, E. De Turk and R. H. 
Bray, ibid., 1946, 61, iii. 



104 CATION- AND ANION-HOLDING POWERS OF SOILS 

Consider a negatively charged soil particle dispersed in water. The 
negative charge is neutralised by cations, but these cations do not 
necessarily sit firmly on the negative charges: a proportion dissociate 
into the dispersion medium. Thus as one goes from the surface of the 
soil particle outwards, the concentration of cations gradually decreases 
until it becomes very small. This diffuse layer of cations is known as 
the diffuse double layer — a double layer because there is a negative 
charge on the clay surface which is balanced by this diffuse cloud of 
positive charges; and the thickness of this layer is measured by the 
distance one must go from the surface until the cation concentration 
becomes inappreciable (see p. 126). But soils are never bathed in 
pure water; there are always some salts dissolved in it. One effect of 
these salts is that their cations and anions intermingle with the ex- 
changeable cations in the double layer and make it less diffuse^or more 
compact: in fact they reduce the difference in cationic concetjtration 
between the neighbourhood of the clay surface and the bulk' of the 
solution. The more concentrated the salt and the higher the valency 
of its ions, the thinner the double layer and the more nearly is the cation 
concentration just outside the clay surface the same as in the solution 
away from the clay surface; and this holds for every species of cation 
in the double layer. 

This effect of salts is directly relevant to the limitations inherent in 
the concept of the pH of a soil. The hydrogen-ion concentration in the 
solution surrounding the soil particles is less than, or the pYL of the 
solution is higher than, that close to the soil particles themselves, due 
to the hydrogen-ion concentration gradient in the double layer. And 
as the double layer is made more compact by adding an electrolyte to 
the soil water system, so the hydrogen-ion concentration gradient across 
the double layer is reduced, and the pTA. in the solution falls, to become 
more nearly equal to that close to the surface of the soil particle. The 
of the solution is thus greater than the pYL at the particle surface, 
and if a soil suspension is allowed to settle through a solution, the pYL of 
the solution is higher than that of the sediment; and as the salt con- 
centration increases, so do the diiferences decrease. 

The apparent pH of a soil, as determined electrometrically on a paste 
or suspension of the soil made up with water, -depends not only on the 
salt concentration in the solution, but also on the amount of water 
added to make the suspension, as is shown in Table 26 for three Arizona 
soils. ^ This shows that the higher the ratio of water to soil, the higher 
is the apparent pH of the soil; and this effect is more noticeable in soils 
not containing salts or gypsum, ^ and is a consequence both of a diluter 

^ W. T. McGeorge, J. Amer, Soc, Agron.y 1937, 29, 841. For further examples, sec M. R. 
Huberty and A. R. C. Haas, Soil Sci., 1940, 49 , 455, and 1941, 51 , 17, and L. E. Davis, Soil 
I943> 5 ^» 405* * R. F, Reitemeier, Soil Scu^ 1946, 61 , 195. 



EFFECT OF SALT CONCENTRATION ON IO5 

suspension and more diffuse double layers. Again if one samples 
the same soil at different times of the year, or under fallow as 
contrasted to under crop, the apparent pH. is usually higher in cool 
moist weather, or in winter than in warm dry weather, or in summer; 
and it is usually higher under crop in summer than under fallow;* 
although these variations are usually smedler than the variations from 
site to site in the same field. ^ 


TABLE 26 

The Effect of Soil-Water Ratio on the Soil’s pH 

Calcareous alkaline soils from Arizona 


Volume of water added 
per 100 gm. dry soil 

pH of soil suspension or paste 


Soil 1 

Soil! 

Soil 3 

10 c.cm. 

7-45 

910 

7-95 

25 c.cm. 

7-60 

9-40 

800 

100 c.cm. 

7-70 

9-85 

8-20 

1,000 c.cm. 

815 

9-90 

9-20 


This dependence of soil pH on salt concentration and on the soil-water 
ratio used, due to their effects on the diffuseness of the double layer 
around the soil particles, can be reduced by making all the measure- 
ments under conditions when the double layer is reasonably compact, 
that is, by making them when the soil is dispersed in a standard salt 
solution. R. K. Schofield and A. W. Taylor® have proposed the use of a 
0‘Oi M. calcium chloride solution for temperate soils, on the grounds 
that it approximates to the calcium concentration in the soil solution (see 
p. 464), it causes little cation exchange, it compresses the double layers 
reasonably, and it does not give appreciable junction potentials with the 
calomel electrode. The pH of a soil measured in this solution is more 
constant and is much less dependent on the soil-solution ratio, and it pre- 
sumably is closer to the pH of the solution around the plant roots, than is 
the pH measured in a water suspension; and it is typically lower by be- 
tween 0-5 to 0*9 units, the difference tending to be greater in near 
neutral than in very acid soils. 

The pH of a soil is influenced by two other factors besides the pH rise 
from the surface of the soil particles to the soil solution in bulk. In the 


1 See, for example, L. D. Bowen, Soil Sci., 1927, *3, 399; A. M. Smith and I. M. Robertson, 
J. Agric. ScL, 1931, ai, 822; M. Raupach, Aust. J. Agric. Set., 1951, 2, 73, and Y. Kanchiro, 
y. Matsusaka and G. D. Sherman, Hawaii Agrk, Exp. Sla., Tech. Bull. 14, 1951. 

® See, for example, G. M. Robertson and K. Simpson, E. Scot. Coll. Agrk. (BUnburgh), 
Tech. Btdl. 8, 1954, and M. Raupach, Aust. J. Agrk. Res., 1951, 2, 83. 

* J. Soil Sci., 1955, 6, 137, and Pros. Soil Sci. Soe. Amer., 1955, 10, 164. See also R. C. 
Turner and W. E. Nichol, Ciimid. J. &»., 1958, 38, 63. 
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first place, soils may contain substances capable of changing their 
degree of oxidation and reduction, with consequent fall or rise in ^H. 
Thus waterlogged soils are commonly nearly neutral and have some 
sulphides present. If such a soil is drained the sulphides become 
oxidised to sulphates and the may fall from 7 to 4 or below. And 
if a sample of such a waterlogged soil is taken, and allowed to air-dry 
slowly before its pH. is determined, the pH may fall strongly, whilst if 
the soil is left waterlogged its pH will rise slowly.^ Again if a well- 
aerated soil containing nitrates or sulphates becomes waterlogged, the 
nitrates may be reduced to nitrogen gas and the sulphates to sulphides, 
each process raising the pH of the soil. j 

The pH of a soil is also influenced by the carbon dioxide confcentration 
in the soil air. The higher this concentration the lower the\/»H, and 
the pH of a neutral or calcareous soil is very sensitive to small changes 
in the carbon dioxide concentration when the concentratioil^ itself is 
low, that is, when it is not very different from the atmospheric Wlue of 
0-03 per cent. 

Table 27 illustrates the magnitude of this effect tor some neutral 
non-calcareous soils. ^ In calcareous salt-free soils its magnitude can 


TABLE 27 

Effect of Carbon Dioxide Concentration on the pH of neutral soils 


Pressure of COj 
atmospheres 

pH measured in water 

pH measured in 

I0~»M. CaC4 

[ ^ 

0-0004 

0-001 

0-05 

0-0004 

0-001 

0-05 

Soil 1 

701 

6-92 

6-53 

6-46 

6-37 

6-22 

.. 2 

7-42 

7-20 

6-70 

6-77 

6-75 

6-38 

.. 3 

8-09 

7-44 

6-98 

752 

7-05 

6-69 


be calculated approximately from the solubility ot calcium carbonate 
and carbon dioxide in water and the dissociation constants of carbonic 
acid, because in such soils the is basically determined by that of the 
system: calcium carbonate — calcium bieznbonate — carbon dioxide — 
water which is given by the equation 

2pH = K + ^Ca + pCOi 

w'here pCO^ is the negative logarithm of the partial pressure of carbon 
dioxide, in atmospheres, in equilibrium with the solution, pCa the 

^ For examples of this effect, see M. Romanoff, J. Res. ^atl. Bur. Stand., 1945, 34, 227, and 
Goi, 1945, 26, 49. 

* W. E, Nichol and R. C. Turner, Canad. J. Soil Sci., 1957, 37, 96. For further examples, 
see R. S. Whitney and R. Gardner, Soil Sci,, 1943, 55, 127, and $6, 63* 
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n^adve logarithm of the activity of the calcium ions, and K is a con> 
stant whose value lies between 10 and 10*5, depending on the value 
used for the solubility constant of calcium carbonate. The reduction of 
pH is therefore approximately proportional to the logarithm of the 
partial pressure of carbon dioxide, a result which has been confirmed 
experimentally. Table 28 gives the/»H of a day — caldum carbonate — 
carbon dioxide — ^water system, and the concentration of caldum in 
the soil solution. 

TABLE 28 


The pH and Calcium Ion Concentration of a Calcium Carbonate and 
a Calcareous Clay Suspension in Equilibrium with Carbon Dioxide 

at Varying Pressures 


Carbon Dioxide 
Pressure 
in atm. 

pH of 
Calcium 

1 carbonate 
suspension 

pH of 

Clay suspension 

Calcium held 
by the clay 
milli-equiv. 
per 100 gm. 

Calcium ion 
cone, in 
solution in 
milli-equiv. 

0-00033 

8-42 

8-57 

71-3 

0-53 

0-001 

8-00 

8-30 

68-0 

0-75 

0-003 

im 

7-95 

62-4 

1-14 

0-01 

7-33 

7-62 

52-2 

1-70 

0-03 

7-00 

7-30 

37-9 

2-52 

0-1 

6-65 

6-95 

— 

3-84 


The pH of the suspension depends somewhat on the presence of the 
clay, for F. Simmons,^ from whose work this part of the table has been 
derived, found that the was about 0*3 units lower in the absence than 
in the presence of the clay. The last column of the table gives the solu- 
bility of calcite in water in the absence of clay, and is calculated from 
some results of G. L. Frear and J. Johnston. ^ Hence the two sets of figures 
are not quite comparable, but they give the orders of magnitude of the 
effects observed. Further, if the soil contains a soluble calcium salt 
dissolved in the soil solution, this will lower the pH still further, as is 
shown in the second part of Table 2*7. 

The calculations which have been made in the foregoing paragraphs 
are based on the assumption that the calcium carbonate in the soil is 
present as caldte. But S. R. Olsen and F. S. Watanabe,® by comparing 
observed with calculated values of pH, have shown that in some soils 
at least part of the caldum carbonate is in a form more soluble than 
caldte, so for a given carbon dioxide concentration, the pH is higher 
than expected: and this can be particularly noticeable in clay soils in 

* J. Amer. Soc. Ag^, 1939, 31, 638. * J. Anur. Ohm. See., 1929, 51, ao8a. 

•Soil Set., I959> 123. 
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which much of the carbonate is present in the clay fraction* Crops 
growing on such soils are liable to show iron chlorosis,^ possibly because 
ol the higher HGOg”^ ion concentration around their roots. 

One consequence of the soil being a fairly well buffered system is that 
if a fresh sample of soil is shaken up quickly in say a o*oi M. solution of 
calcium chloride and its measured almost immediately, it will corres- 
pond reasonably to the pH of that soil in equilibrium with the mean 
carbon dioxide concentration which has recently persisted in that soil. 

The pH ol a calcareous soil containing few exchangeable sodium or 
magnesium ions thus cannot exceed about 8*5 when in equilibrium with 
the atmosphere, but if the COg concentration rises to o*i pfer cent, a 
low figure for most soils, the pH has already dropped to 8,\ and if it 
rises to i per cent, a common figure for pastures, the pH is under 7-5. 
Now, as will be shown later (p. 533), many plants suffer from piyosphate 
and minor element deficiencies if the pH rises much above 8, arid hence 
they can only thrive on calcareous soils if they can maintain an adequate 
concentration of carbon dioxide around their roots. This is more easily 
achieved in soils of low porosity, such as clays than in soils of high 
porosity, such as well-drained sands, and in soils rich in organic matter 
than in poor, and in soils under pasture than under arable. 

Recently it has been realised that a calcareous soil can have a pH 
greater than 8 5 because if water, initially in equilibrium with the 
carbon dioxide in the atmosphere, percolates through a calcareous soil 
in which no carbon dioxide is being produced, the solution loses some 
bicarbonate or carbonate ions to calcium ions on its way down, and its 
equilibrium concentration of calcium ions is about i-4XiO‘“^ M., the 
solution is effectively in equilibrium with a carbon dioxide partial 
pressure of lo"® atmosphere and the pH is about 9*9.^ R. C. Turner 
and his co-workers have in fact measured pH’s between 9*7 and 8*8 for 
the equilibrium solution of different soils in the laboratory. It is still 
too early to be certain of the significance of this result in practice, but 
presumably the pH in the subsoil of a calcareous soil, low in organic 
matter and carrying a rather indifferent crop, may be much higher 
than has been assumed in the paA, and this could be of importance if 
a crop not well adapted to a calcareous soil is growing on the land. 

Soils normally only have a pH over 8*5 if they contain enough ex- 
changeable sodium for sodium carbonate to be present in the soil solu- 
tion. These soils are known as alkali soils and are discussed on p. 598, but 
Whitney and Gardner showed that even if their pH is above 9*5, when 
measured in equilibrium with the atmosphere, it may be below 8 when 
in equilibrium with air containing i per cent of COg- Hence, in 

' P. H. Yaaion, Plant and Soil, 1957, 8, 275. , ^ 

^ R. C. Turner, Soil Set., 1958, 80, 32, and with W. E. Nkhol and K. E. Miles, Canad, J. 
Soil ScL, 1958, 38, 94. 
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calcareous and alkali soils the effective for as far as the plant roots 
are concerned can be considerably lower than the determined by 
shaking up in water because of the greater concentration of carbon 
dioxide the roots can maintain in their immediate neighbourhood, and 
this effect can be still further increased due to the electrolyte con- 
centration in the solution. 

Soils do not normally have /&H’s below about 4*0 to 4*5 unless they 
contain free acids such as sulphuric; and this limit is set by the behaviour 
of the complex hydrated aluminium ions in the soil solution. For, as 
already explained, soils containing appreciable amounts of replaceable 
hydrogen appear to be unstable and decompose to release sufficient 
aluminium to neutralise the greater proportion of the net negative 
charge on the mineral soil particles. Thus in Assam, India, some acid 
tea soils have received very large dressings of sulphate of ammonia over 
the years, yet their /»H has not been much affected because it is about 4*5. * 

So tar it has been assumed that the of a soil is something that can 
be measured accurately, but in fact this assumption is not always true. 
In particular the usual potentiometric methods for measuring pH. are 
only valid if the liquid junction potential at the calomel or other 
reference electrode is zero, an assumption that cannot be proved, and 
is certainly untrue it the reference electrode is put into a rather dry soil. 
This is in fact the reason one measures the soil in suspension because 
there is no certain means of telling at what moisture content the assump- 
tion breaks down. Further, the activity coefficient of a single ion cannot, 
strictly speaking, be measured, but only the product of two ions of 
opposite charge, for example, the product of hydrogen and the chloride 
activity, or their ratio if of the same cluu^e, for example, the ratio of the 
hydrogen to the square root of the calcium, as it is divalent.* 

This discussion has therefore brought out the following points 
concerning the pH of a soil: 

1. The correct interpretation of the measured of a soil may be 
very difficult. 

2. There is no such thing as the of a soil-water system when dis- 
persed in pure water, because the pH rises across the diffuse electrical 
double layers. 

3. The pH of a soil as usually measured depends on the salt con- 
centration in the soil solution and the COg concentration in the soil 
air, which are constantly changing. 

4* Typically the />H of a soil in the field varies appreciably over the 
field, even when all the samples are taken the same day. 

» N. G. Gokhalc and N. G. Bhattacharyya, En^. J. Exp. Agric., 1958, 26, 309. 

• For a discussion on the subject of sc^es and similar topics, sec R. G. Bates, EUetm- 
metric pH Detemiruriums, New York, 1954, and J. Small, Modem Aspects t^pH, London, 1954. 
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These conclusions mean that the j&H of a soil can have no precise 
significance in Soil Science, a conclusion which is amply justified by 
experience, as will be discussed in Chapter XXIX. They also mean that 
very rarely can one make any use of a really accurate measurement of 
the pH. of a field soil, even if one measures it in a suitable salt solution, 
and it is probable that little information of value would be lost if one 
only measured the j&H of field samples to the nearest o-2 of a unit. 

The Lime or Calcium Hydroxide Potential in a Soil 

The fundamental objection to measuring the acidity of a soilj in the 
field by its pH is that, strictly speaking, its pH cannot be exactly mea- 
sured, and in fact has no precise meaning. The reason for this is t^at the 
activity of a single ion need not be constant throughout a solutioh con- 
taining charged colloid particles. There are, however, ionic acitivity 
products and ratios which are constant throughout the suspension^ and 
which are therefore characteristics of that suspension. Thus the product 
of a suitable activity function of an anion and a cation present in the 
solution is a constant, so also is the ratio of the suitable activity functions 
of two anions or two cations. The activity function involved is the 
activity itself if the ion is monovalent, the square root of the activity if 
divalent, and the cube foot if trivalent. Thus if the solution contains 
hydrogen and chloride ions, then/?H+/>Cl, which is in fact the activity 
of hydrochloric acid, is constant, and if it contains calcium and hydroxyl 
ions, then |/?Ca-[-/?(OH) is constant, and it is the activity of calcium 
hydroxide in the solution. 

R. K. Schofield and A. W. Taylor^ have suggested that it would be 
theoretically preferable, and probably preferable from the practical 
point of view also, to specify the acidity of a soil by its calcium hydroxide 
potential rather than by its pH. This has the added advantage that it 
is a much more constant property of the soil than its pHy as it does not 
depend on the moisture content or on the concentration of dissolved 
neutral salts, at least if they are only in dilute solution. Thus if some 
typical Rothamsted soils were shaken up in calcium chloride solutions 
whose concentration varied from i to 30X I0“^ M., the calcium hydr- 
oxide potential of the soil was constant to within 0*02 unit; and provided 
the solution did not exceed io“^ M., it could be calculated from pH — 
i/»Ca, where the pH is as measured electrometrically and the calcium 
ion activity is calculated from the usual Debye-Huckel formula, for 

ij&Ca + p{OH) = 14-2 — {pH — f/»Ca). 

They further showed that if one shook the soil up in a o*oi M, calcium 
chloride solution, the soil had little effect on the calcium ion concentra- 

^ J. Soil Sci.y 1955, 6, 137, and Froc, Soil Sci, Soc. Amer,, 1955, 19, 164. 
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tion, so one could calculate what they called the lime potential, namely, 
pa — i/>Ca, to within 0*02 unit by replacing |^Ca by its value at 
0*01 M., namely, i*i4. This constancy of the lime potential to 0*02 unit 
implies that the pH of the soil measured under these conditions has 
the generally accepted meaning to within this limit, so that the soil 
conditions which ensure a constant lime potential also ensure that the 
piL of the soil has -an interpretable significance to this accuracy. They 
further showed one could determine the alumina potential of an acid 
soil, i/^Al+/?(OH), in the same way, provided the concentration of 
aluminium ions was less than 2 X iO“® M.^ 

The Relative Attractions of Clay for Different Cations 

The negative charges on clay particles can be neutralised by any 
cation except hydrogen, and hence these charges must be accessible 
to very large cations. This is true for the charges between the layers 
of montmorillonite, for these can be neutralised by complex amines, ^ 
and proteins® — ions so large that the layers may be forced apart as 
far as 48 A.; and the charge density on a montmorillonite surface is 
low enough, about one negative charge per 140 sq. A.,^ to take the 
largest cations so far used. This accessibility of tlie charged spots is a 
characteristic of clay minerals for neither natural zeolites nor artificial 
permutits show it; and it has the further consequence that, on the 
whole, cation exchange in clays takes place very quickly. 

Clays hold different ions, however, with different intensities. If 
a clay saturated with calcium ions, for example, is shaken up with a 
dilute salt solution of different metals, but all of constant normality, it 
is found that some cations are more powerful displacers of calcium 
from the clay surface than others. Thus, lithium and sodium ions are 
poorer displacers of another cation from a clay than potassium or 
ammonium ions, and these than rubidium or caesium; magnesium and 
calcium, which are about equally strong and of about the same strength 
as rubidium, are poorer displacers than strontium or barium; and the 
hydrogen ions from a strong acid, ‘or polyvalent ions such as trivalent 
aluminium and lanthanum and tetravalent thorium are still stronger 
displacers. Table 29, taken from some of K. K. Gedroiz’s*^ classic 
papers on the subject, illustrates this phenomenon, and a further and 

^ See also W, L. Lindsay, M. Peech, and J. S. Clark, Proc, Soil Set, Soc, Amer.^ *959> *3» 
266, for methods of measuring this. 

* J. E, Gieseking, Soil Sci,, 1939, 47, i; S. B. Hendricks, J, Phys, Chem,, 1941, 45, 65; see also 
C. R. Smith, J. A 7 n£r, Ckem, Soc,^ i934» 56, 1561. 

* L. E. Ensmingcr and J. E. Gieseking, Soil Sci., 1939, 48, 467; 1941, 51, 125. 

* S. B. Hendricks, J. Phys. Chem,, 1940, 45, 65. 

® J. Expt, Agron, (Russia), 1918, 19, 269; 1919, ao, 31, Manuscript translations by S. A, 
Waksman and published by U.S. Dept. Agric., and summarised by H. J. Page in Tronf. 
InU Soc, Soil Sci,j Comm. 2, 1926, A, 208, 
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more detailed example can be found in the work of J. E. Gieseking 
and H. Jenny 

This result can be stated in the converse way; that if samples of clay 
each saturated with a different cation are put in a standard salt solution, 

TABLE 29 

Replacing Power of Different Cations 

Mllil-equivalents of Mg, Ca or Bo, displaced per 100 gm, of soli 
by certain cations added as chlorides 

Mg 

01 N 

13-9 
20-4 

20-4 

35-2 

exchangeable sodium ions come out of the clay easier than exchangeable 
potassium or ammonium, and exchangeable magnesium comes out a 
litde easier than exchangeable calcium, which in turn comes out more 
easily than strontium or barium. On the whole, exchangeable potassium 
comes out easier than exchangeable magnesium,® and exchangeable 
barium easier than exchangeable lanthanum or thorium. 

The relative tightness of binding for more complex ions has not been 
worked out in detail, but in general large or complex cations tend to 
be bound more tightly than small or simple ones. Thus diamines are 
more tightly held than the corresponding simple amines, and the tetra- 
substituted ammonium ion is still more strongly held; and lai^e cations 
such as methylene blue and brucine are so strongly held that it is very 
difficult to displace them, except wkh other equally large cations.® As 
a consequence of this very tight binding, clay particles dispersed in an 
acid medium can be made positively charged by adding just sufficient 
of one of these large cations to neutralise the negative charges on the 
clay surface, for these cations do not dissociate at all from the surface. 
But the clay particles can absorb more milli-equivalents of some large 
oi;ganic cations than corresponds to their negative charge — mont- 
morillonites, for example, will absorb about double — probably because 

* Soil Sci., 1936, 42, 37; . See also P. Schacbtschabel, Koll. Beih., 1940, 51, 199 

* Sec also R. H. Bray, 'f. Amer. Chem. Soc., 194a, 64, 954. 

•J.E. Gieseking, Sea it.. 1939. 47. I. • ^ 
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these cations form an orientated monolayer almost covering the clay 
surface through hydrogen bonding.^ 

The behaviour of the simple cations is not quite so regular as 
suggested above, for the difference between the monovalent, or alkali, 
cations and the divalent, or alkaline earth cations, depends on their 
concentration in solution. The more dilute the solution containing the 
cations the more powerful are the alkaline earths relative to the alkali 
cations as displacers of exchangeable cations; and as the ionic concen- 
tration in the solution increases, so do the replacing powers of the alkali 
metals relative to the alkaline earths (see p. 115). 

S. Mattson® also claims that the inverse of this is true on the clay 
surface: clay particles having a high base-exchange capacity, hold 
calcium relative to sodium or potassium more tightly than clay particles 
having a low base-exchange capacity. Thus, if a montmorillonite and a 
kaolin were each put in a solution of potassium and calcium chlorides, 
the kaolin would take up relatively more potassium in comparison with 
calcium than would the montmorillonite. Alternatively, plants growing 
in a montmorillonite soil having a given ratio of exchangeable potassium 
to calcium will have a higher ratio of potassium to calcium than similar 
plants growing in a kaolinitic soil having the same ratio of exchangeable 
potassium to calcium.® Further, as a clay becomes more unsaturated, 
that is, more acid, so it becomes more kaolinite-like in this respect. 
Thus, as the acidity of a soil rises, so it tends to hold potassium ions 
relatively more strongly than calcium, or to put it another way, during 
leaching, which causes increasing soil acidity, calcium tends to go more 
quickly than potassium.* 

Potassium ions can show a complication in cation exchange pheno- 
mena not shown by most other simple metallic cations, for these ions 
can move from being in an easily exchangeable to a difficultly ex- 
changeable or fixed form in some clays, and in particular in degraded 
illites (see p. 87). Thus if a soil containing a degraded illite clay, and to 
a lesser extent a soil containing an illitic clay which is rather low in 
exchangeable potassium, is left in contact with a potassium salt for a 
long time, and particularly if it is repeatedly wetted and dried, it will 
have absorbed some potassium that cannot readily be displaced by an- 
other cation; and the ability of different cations to replace this potassium 
is quite different from their ability to replace normal exchangeable 
cations. Thus a sodium salt leaching through a soil containing fixed 

*R. E. Grim, W. H. Allaway et al., J. Amer. Ceram. Soc., 1947, 30, 137; J. W. Jordan, 
Mil. Mag., 1949, s8, 598; H. Mukheijee, jf. Ind. Soc. Soil Set., 1954, 2, 99. 

* LaiUbrHdgsk. Arm., 1945, la, 119; with K. G. Lanson, ibid., 1945, la, aaa; Soil Set., 
1946, 61, 313. For further examples, see A. Mehlich, Soil Sei., :946, 6a, 393; with W. E, 
Cohvell, Proe. Soil Scu Soc. Amer., 19^ 8, 179; G. E. Marshall, Soil i'et., 1948, 65, 57. 

^ S. Mattson, LaatbrHSgsk. Am., 19^, 15, 308. 

♦ A. C. Schuffeln and H. A. Middelburg, Mtherl. J. Agric. Sei., 1953, i, 97. 
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potassium will remove more potassium than the corresponding calcium 
salt,^ and both reactions are genuinely exchange reactions, that is, the 
amount of sodium or calcium removed from the solution equals the 
amount of potassium coming out. 

This behaviour of potassium cannot yet be explained in detail, 
though it is due to the potassium ions being able to fit almost exactly 
in the hexagonal holes in the surface oxygen sheets of the clay particle. 
What is not known for certain is if the holes into which the potassium 
ions can enter are around the broken edges of the clay particle, or if 
they are on the flat surfaces; and in the latter case if two clay particles 
must be reasonably close together and parallel to each othexl so the 
potassiums build up a loose mica-like structure. The only omer ion 
which has been proved to show on similar behaviour is the amiqonium 
ion, which has a radius similar to potassium, and the other ion on^ might 
expect to show it is the hydrion (HgO)'*’, which also has a similar i^dius. 

Clays hold many cations fairly tightly so that if a sodium-saturated 
clay is shaken up with a sparingly soluble salt, for example, barium 
sulphate, an appreciable amount of barium will be taken up by the 
clay and a corresponding amount of sodium sulphate be found in 
solution.^ Correspondingly, if an acid clay is shaken up with a weather- 
able mineral such as a felspar, for example, some of the metallic ions 
which were in the felspar will be found on the clay.® 

The Quantitative Laws of Cation Exchange 

Many attempts have been made to develop theoretical laws govern- 
ing the distribution of cations between the solution and the absorbing 
complex in the soil. The task is complicated because under many 
conditions no true equilibrium appears to be reached between the soil 
and the solution, and the apparent equilibrium may not be reversible, 
for the ratio of the exchangeable cations on the soil may not depend 
solely on the ratio of their concentrations or activities in the solution. 
Many workers have tried to apply the Law of Mass Action to the ex- 
change, but one component — the Soil particles — cannot be treated as 
simple ions of definite valency, so arbitrary assumptions must be made 
about the behaviour of the cations on the clay surface. The problem 
falls into two distinct parts: the effect of changing the concentration of 
the cations in the solution already in equilibrium with the soil in such a 
way that the equilibrium is not changed ; and the effect of changes in 
the concentration of cations in the solution which cause a change in the 
equilibrium. 

‘ H. D. Mervin and M. Peech, Ptoc. Soil Sci. Soe, Amer., 1950, 15, 125. 

. i 3 - Chem., 193a, 36, 34. 

L. K. Oraham, Soil Set., 1940, 49, 877; 1941, 5*, agi. 
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The first problem has been solved for most soils under a wide range 
of conditions, and it can be expressed in the so-called ratio law which 
R. K. Schofield has enunciated as follows: “When cations in a dilute 
solution are in equilibrium with a larger number of exchangeable 
cations, a change in the concentration of the solution will not disturb 
the equilibrium if the concentrations, or more strictly the activities, of 
all monovalent ions are changed in one ratio, those of all divalent in 
the square, and those of all trivalent in the cube, of that ratio.” 

Schofield verified this law, using a number of Rothamsted soils, by 
finding a solution containing potassium, magnesium and calcium 
chlorides of a total chloride concentration of o-oi jV which passed 
through a column of the soil unchanged. He then showed that another 
solution containing half the concentration of potassium would only 
pass through unchanged if the calcium and magnesium concentrations 
were reduced fourfold, and confirmed that the pH of this solution was 
0-3 units higher than that of the first solution, because the hydrogen-ion 
concentration in the second solution is also halved. Further, using a 
very acid surface soil, the solution had to contain both aluminium and 
hydrogen ions if it was to pass through the soil unaltered, and if in a 
new solution the concentration of the potassium was halved, that of the 
hydrogen had to be halved and of the aluminium reduced eightfold if 
it was to pass through unaltered. These results express in a quantitative 
form, and for a particular set of experimental conditions, the relation 
between the pH of a soil and the concentration of salts in the soil 
solution which has already been discussed on p. 104.^ 

This ratio law is probably only strictly valid if the relative concentra- 
tion of cations close to the fixed negative charges on the clay surfaces 
is high relative to that in the external solution; and the greater this 
relative difference in concentration, the more exactly would one expect 
the ratio law to hold. The great experimental difficulty in testing the 
validity of this law, however, lies in the great difficulty in determining 
the activities of salts in anything more than very dilute solutions. But 
the law quite definitely fails for sqme soils if the hydrion (HjO)''' is 
being considered, because its concentration can alter due to proton 
transfers at both positively and negatively charged spots on the soil 
surfaces, which are themselves dependent on the of the solution. 
The Natal soil, whose buffer curve is given in Fig. ii, is an example of 
such a soil. 

The problem of finding a comparable law for the effect of other 
changes of cation concentration in the solution on the ratio of the 
exchangeable cations is complicated experimentally by the uncertainty 

‘ R. K. Schofield and A. W. Taylor (J. Soil Set., 1955, 6, 137, and Pne. Soil Sci. Soc. Amtr., 
'955> *9> >64) have given some examples of this. 
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of deciding when equilibrium is reached and by ionic exchange 
reactions appearing to be only partially reversible. As an example of 
a fully reversible reaction, consider a soil and solution containing only 
two types of cations. The exchange reaction is then said to be reversible 
if the relative concentration of these two cations on the clay, when 
equilibrium is reached, depends only on their relative concentration 
in the solution, no matter what their relative abundance on the clay 
was at the start of the experiment. This assumption of reversibility — 
or of independence of past history — may be reasonably valid if both 
the ions have the same valency, that is, if they are both monovalent, 
but it may not hold so commonly if the cations have different valencies,^ 
although this may only be a consequence of the use of inadequate 
techniques. \ 

The ionic exchange equation relating the concentrations^ of the 
cations in the solution with their relative abundance on the e>^change 
complex is probably known in the special case of all the cations involved 
having the same valency, provided care is taken to prevent any side 
reactions being important. Under these conditions the experimental 
results are approximately in accord with the statement that the ratios 
of the amounts of cations on the exchange complex are directly pro- 
portional to their relative activities in the solution, though the factor 
of proportionality depends on the clay mineral. Hence merely adding 
water to a dilute salt solution only containing cations of the same valency 
and in equilibrium with a soil has little affect on the exchange, in 
accord with the ratio law. 

No comparable generally valid statement can yet be made for the 
general case of the cations having different valencies. In accord with 
the ratio law if a salt solution containing cations of different valencies 
is in equilibrium with a soil, adding water to the system affects the 
equilibrium by some of the higher valency cations being taken up from 
the solution and cations of the lower valency being released into the 
solution. Thus the statement that monovalent cations in solution be- 
come stronger extractors of exchangeable cations relative to the divalent 
as their absolute concentration in the solution increases is merely a 
direct consequence of the ratio law. 

Under some conditions when the equilibrium is reversible, the ratio 
of exchangeable cations on the clay is proportional to the ratio of the 
activity of the monovalent, the square root of the activity of the divalent 
and the cube root of the activity of the trivalent. Thus G. H. Bolt® 
verified this for an illitic clay, using sodium and calcium as the two ions; 

^ C. Krishnamwrthy and A. D. Desai {Soil Set,, 1955, 80, 325) consider this may be due 
to the very long time taken for this system to come into equilibrium with the solution unless 
the day is very well dispersed. 

* Soil Sci., 1955, 79, 267. 
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but C. Krishnamoorthy and R. Overstreet^ considered that in general 
the cation activity ratio in the solution is proportional to a more com- 
plex function of the relative amounts of exchangeable cations on the 
clay, which depends on the type of clay, since clays differ in the relative 
tightness with which they hold the common cations. This has the 
consequence that the function is extremely complicated for a soil 
containing several clay minerals. 

An aspect of cation exchange that is now receiving more attention 
is measuring the exchange produced by adding a very small quantity 
of an acid or salt to the soil and comparing this with that produced by 
using a more concentrated solution of the same acid or salt. Thus 
L. Wiklander and E. Nilsson* repeatedly treated sodium-calcium 
soil with a dilute hydrochloric acid solution until 40 per cent of the 
exchangeable sodium had been displaced, and they compared the 
amount of calcium displaced by this treatment with that displaced by 
a stronger solution of hydrochloric acid which displaced 40 per cent of 
the exchangeable sodium in the first treatment. They showed that the 
single treatment with the stronger acid displaced about eight times as 
much calcium as the repeated treatments with the diluter acid; and in 
general it is found that this repeated treatment replaces a higher pro- 
portion of the less tightly bound cations and a lower proportion of the 
more tightly bound than does the single treatment, even if the cations 
have the same valency, as for example sodium and potassium. 

This process of exchange produced by very dilute solutions is 
operative during the leaching of non-saline soils in the field, and it 
probably operates when plants are taking up nutrients from the soil 
solution. For this reason R. H. Bray* has tried to measure the relative 
availability of the exchangeable cations in a soil to plants by assuming 
that it corresponded to the relative amounts displaced when the soil 
was shaken up in a 0-002 JV hydrochloric acid solution. This method 
has been investigated by a number of workers, particularly in the 
United States, and it certainly gives results in reasonable accord with 
field practice. Thus if two soils, one containing mainly a kaolinitic clay 
and the other a montmorillonitic, have the same ratio of exchangeable 
potassium to calcium, treatment with dilute acid will remove a higher 
proportion of calcium from the kaolinitic soil than firom the mont- 
morillonitic, in accord with field experience.* 

It is, however, probably theoretically preferable to estimate the 
relative availabilities of the cations in the soil by determining their 

' Soil Sci., 1950, 69, 41. For more recent equations, see C. A. Bower, Soil Sci., 1959, 88, 3a, 
and J. V. Lagerwerff and G. H. Bolt, Soil Sci., 1959, 87, 217. 

* Acla Agric. Scond., 195a, 2, 197, and see also, with K. Vahtras, Soil Sci., 1957, 84, a6q. 

* 7. Amer. Own. Soc., 1 94a, 64, 954, and with S. W. Melsted, Soil Sci., 1 947, 63, 209. 

* For an example, see A. MeUich, Soil Sci., 1946, 62, 393, and with F. M. Milam, Soil Sd., 
*954. 77. 227- 
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relative potentials in the soil solution. In the same way as one can deter- 
mine the lime potential of a soil by determining pH — J pCa, so one can 
determine the potassium potentid relative to the calcium by deter- 
mining pK— JpCa, or what is often easier pK— Jp(Ca+Mg); for this 
is a measure of the partial molal free energy of exchange of these two 
cations in the soU.^ A. W. Taylor* determined this quantity for a 
number of nearly neutral Rothamsted soils and found its value varied 
from 2-6 for a soil low in potassium to 1*6 for a soil well supplied, 
figures which come within the range of values suggested by Woodruff. 
The relative potential was reasonably independent of the concentration 
of potassium and calcium ions in the solution, although as tl^e calcium 
in concentration was increased, rather more potassium was fot|nd in the 
solution than expected; but this may have been due to the soils contain- 
ing degraded illite, which can fix large amounts of potassium fairly 
lightly, and some of these ions may be displaced by calciuii^ as the 
calcium ion concentration increases.* 

The Effect of Fertilisers on the Exchangeable Cations held 

by Soils 

Fertilisers are salts farmers add to the soil in order to increase the 
supply of nutrients to the crops. But these salts contain anions and 
cations which may interact with the exchangeable cations held by the 
soil, and so alter some of the soil’s properties. The principal types of 
fertilisers that may have such effects are: 

(1) ammonium salts and organic nitrogen compounds that decom- 
pose to liberate ammonia; 

(2) sodium nitrate; 

(3) phosphatic fertilisers, in particular superphosphate; 

(4) the potassic fertilisers. 

AMMONIUM SULPHATE 

The first effect of adding this tcf a soil is for an exchange reaction to 
take place, in which the ammonium ions enter the exchange complex 
and an equivalent amount of other base, usually calcium, is displaced. 
This displaced calcium then washes out of the soil in association with 
the sulphate anions introduced in the fertiliser. 

The ammonia is then nitrified and the nitrate ions produced are 
neutralised once again by calcium. In so far as the nitrate is taken 
up by the plant the calcium ions are free to re-enter the exchange 

* See, for example, C. M. Woodruff, Proc. Soil Sei. Soc. Arm,, 1055, ZO, 36, 98 and 167. 

* Proc, Soil Sci, Soc, Amer,, 1958, Z 2 , 51 1. 

* W. E. Chambers, J. Agrie. Sei., 1953, 43, 473. 
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complex, but in so far as the nitrate is leached out of the soil, an 
equivalent amount of calcium is leached out with it. 

Hence, the effect of adding an equivalent of ammonium sulphate 
to the soil is for an equivalent of calcium to be lost with the sulphate, 
and for another equivalent of calcium to neutralise the nitrate formed, 
only part of which is leached out of the soil. If all the nitrate is leached 
out, 150 lb. of calcium carbonate would be needed to make good the 
loss of calcium through the addition of 100 lb. of ammonium sulphate,^ 
and if none of the nitrate is lost, 75 lb. of calcium carbonate would be 
needed. In normal farming practice the loss of calcium carbonate 
comes in between these two limits: the various estimates of its loss for 
each 100 lb. of ammonium sulphate added being between no and 
120 lb., and these limits apply both to temperate^ and tropical soils, ^ 
provided the soil is reasonably provided with exchangeable calcium. 

So long as the soil contains a reserve of calcium carbonate the loss 
falls on this substance and not on the exchangeable calcium. At the 
end of eighty years, the amounts of exchangeable bases contained in 
the Broadbalk plots, treated every year with 200 lb. per acre of sulphate 
of ammonia but which still contain some free calcium carbonate, are 
given in Table 30. 

In absence of calcium carbonate, however, the replaceable calcium 

TABLE 30 


Exchangeable Bases In Broadbalk Solls^ 


Milli-equivalents per 100 grams of dry soil 


Calcium 
Magnesium 
Potassium , 


No 

manure 

Sulphate 

of 

ammonia 

only 

Super, and sulphates of potash, 
magnesia and soda 



Alone 

+ 

Sulphate 

of 

ammonia 

+ 

Nitrate 

of 

soda 

Plot 3 

Plot 10 

Plot 5 

Plot 7 

Plot 16 

13-57 

13-60 

11-96 

l4-6t 

14-39 

0-75 

0-70 

0-95 

0-90 

1-25 

0-42 

0-30 

i-08 

1-12 

0-95 


» For lysimeter determinations of this value, see M. F. Morgan et al,. Soil Scu, 1942, 54, 
127; J. A. Bizzcll, Cornell Agric, Expi. Sia,, Mem, 252, 1943. 

» See, for example, W. H. Pierre, J, Amer. Soc. Agron,, 1928, 20, 270, and E. M. Crowther 
in Fif^ Tears of Field Experiments at Woburn^ by E. J. Russell and J. A. Voclcker (1936), p. 334. 

* F. Leutenegger, East Afr, Agric, J., 1956, 22, 81. 

* H. J. Page and W. Williams, Trans, Faraday Soc., 1925, 20, 573. 
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is removed from the soil. At Woburn the effect of adding sulphate of 
ammonia at the rate of 200 lb. per acre for thirty years, and 100 lb. 
per acre for a further twenty years is shown, on the barley plots, by 
the following figures.^ 


TABLE 31 

Amounts of Exchangeable Calcium, Expressed as Milli-equivalents, 
per 1 00 grams of Dry Soil 


No manure 

Sulphate of 
ammonia 
only 

Nitrate of 

Super, and sulphate of potash 

i 

soda only 

Alone 

+ Sulphate 
of ammonia 

-f filtrate 
of soda 

376 
pH 5-4 

0-89 
pH 4-5 

515 
pH 5-8 

5-00 
pH 60 

1-39 
pH 4-8 

5\36 
pH 5-8 


As soon as the exchangeable calcium has fallen below a certain level 
the soil becomes acid and contains exchangeable aluminium ions and 
even soluble aluminium sulphate. Under these conditions the loss of 
calcium from the soil, per 100 lb. of ammonium sulphate added, drops. 
Thus in some Assam tea gardens, which have received repeated dressings 
of ammonium sulphate and which are on very acid soils to begin with, 
each 100 lb. of ammonium sulphate only removes calcium equiva- 
lent to 25 to 35 lb, of calcium carbonate. ^ With the exception of tea 
gardens, and other perennial crops requiring acid soils, the acidity due 
to the repeated use of ammonium sulphate must be made good by the 
regular adequate application of a liming material to the soil. 

SUPERPHOSPHATE OF LIME 

Ol' all the fertilisers, this has been used in the largest quantity by 
farmers, particularly in the past. It is made by adding sulphuric acid 
to ground rock phosphate, and contains 60 per cent of calcium sulphate, 
as gypsum, and 25 to 30 per cent of the water-soluble mono-calcium 
phosphate. When this is added to a soil it becomes converted to an 
insoluble phosphate, which sometimes contains more calcium but need 
not if' it reacts with aluminium ions (see pp. 477, 485). It normally 
reacts with exchangeable calcium ions in neutral and calcareous soils, 
to give a dicalcium phosphate or a hydroxy-apatite (see p. 485) and in 
some acid soils it reacts with aluminium or perhaps ferric ions, whilst 
in others it will form hydroxy-apatite. If it reacts with calcium, it will 

1 E, M. Crowther, J. Agric. Sci., 1925, 15, 222; and with J, K. Basu, ibid,, 1931, ai, 689. 

* N. G. Gokhale and N, G. Bhattacharyya, Emp, J. Exp. Agric. ^ 1958, a6, 309, 
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reduce the amount of exchangeable caldum ions somewhat, which will 
be of no importance in calcareous soils, whilst if it reacts with aluminium 
or ferric ions it will not affect the level of exchangeable calcium. 

There is very little experimental work on the effect of long repeated 
applications on the of a soil. On the slightly acid plots at Rothamsted 
and Woburn, no effect has been noted, yet there are persistent reports 
of soils being made acid by the use of either single or triple super- 
phosphates. The conditions under which additions of superphosphate 
to a soil affects its and exchangeable calcium status still needs 
further critical experimental examination. One condition under which 
this happens is on some Australian soils with low calcium reserves and 
of very low phosphate status. The organic carbon content of these 
soils under pasture is controlled by the amount of phosphate available 
for incorporation in the humus. If these soils are manured with super- 
phosphate, more phosphate becomes available for conversion into 
organic phosphates, the organic carbon content of the soil rises and so 
does the number of carboxylic groups the organic matter contains. 
T his depresses the percentage saturation of the soil with calcium ions 
and in consequence its /)H. Thus C. M. Donald and C. H. Williams^ 
found that for some subterranean clover pastures in New South Wales, 
each hundredweight per acre of superphosphate increased the humus 
content by about one ton, which would have needed about lOO lb. of 
calcium to bring its pH up to 7, yet the superphosphate only contained 
about 25 lb. As a consequence the of the soil fell by 0‘056 units for 
every hundredweight of superphosphate added. 

SODIUM NITRATE 

As this soluble salt washes through the soil some of the sodium will 
be expected to exchange with some of the calcium. Further, as the 
nitrate is taken up by the plant, so again sodium ions will be left 
behind in the soil, which may also exchange with the calcium. There 
is, therefore, a possibility that repeated dressings of sodium nitrate 
to a soil may slowly increase the. proportion of sodium ions in the 
exchange complex until they influence appreciably the properties of 
the clay. 

A. D. Hall* long ago studied this action on the Rothamsted soil, 
and came to the conclusion that forty or more annual dressings of 
5 cwt. per acre of nitrate of soda had spoilt the tilth on some plots on 
Bamfield. However, a further forty annual applications at this rate 
on these plots have not had any additional effect, and it is probable 
that the effects he observed were due to soil variability. Thus, on 
Broadbalk long-continued application of nitrate of soda at this rate 

* Atut. J. Agric. Res., 1954, 5, 664; 1957, 8, 179. * Trasis. Chem. Soc., 1904, 85, 964. 
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has had no measurable effect whatever on the tilth. Unfortunately no 
determinations of the exchangeable sodium content of these soils have 
been made. Further, fifty annual applications of 2^ cwt. per acre to 
wheat and barley on the light soil at Woburn did not appear to affect 
the tilth, except possibly occasionally in wet winters. These results are 
in accord with a finding of M. Salomon and J. B. Smith^ in Rhode 
Island that 53 annual dressings of nitrate of soda, at the rate of nearly 
3 cwt. per acre, put up the exchangeable sodium from o-i6 to 0-22 
milli-equivalents per 100 grams of soil, on a soil having a base exchange 
capacity of 1 1 milli-equivalents. An increase as small as this obviously 
can have no effect on the soil properties. j 

On the other hand, there is ample evidence that if dressings of this 
order are applied to a fallow soil for a period of years, the sodium 
nitrate will very seriously affect the tilth by breaking down the crumbs 
and so causing all the coarser pores to become clogged with fine 
material.^ This naturally reduces both the rate at which water ckn per- 
colate into the soil and the air-space in the wet soil when drained. There 
is also evidence that annual dressings of 5 cwt. per acre applied to 
rubber plantations^ and citrus orchards^ harm the soil structure, but 
in both cases the harvested material sold off the plantation is low in 
mineral matter. There is also a strong tradition among many English 
market gardeners that it harms the tilth, though evidence for this belief 
is very hard to come by, but it may be because a heavy dressing can 
harm the tilth temporarily if it is concentrated in a thin layer of soil. 
This same result holds for the effect of adding agricultural salt (sodium 
chloride) to the soil in preparation for sugar-beet. 

POTASSIUM SULPHATE 

This increases the amount of replaceable potassium, apparently at 
the cost of the calcium and magnesium. Some other action takes 
place, for a further quantity is retained by the soil in an insoluble but 
not exchangeable form (see p. 113). 

Both at Rothamsted and at Woburn sulphate of potash is without 
effect on the reaction of the surface *soil, though it increases the acidity 
of the subsoils on the acid plots,^ possibly through the washing down 
by rain of the acid liberated by cationic exchange. The effect on the 

^ Proc. Soil ScL Soc. Amer.^ 1948, 12, 298. 

*See, for example, H. Burge vin and S. H^nin, Am, Agron,, 1939, 9, 77 U Fireman, 
O. C. Magistad and L, V. Wilcox, J, Amer. Soc, Agrom,^ 1945, 37, 888. 

* H. J. Hardon, Meded. Alg. Proefsta. Lartdbouw. (Java)^ *939> No. 35. 

* D. G. Aldrich, E. R. Parker and H. 1 ). Chapman, Soil Sci., 1945, 59, 299. Arguments 
from their results are complicated because they found equivalent quantities of ammonium 
sulphate almost as harmful, though calcium nitrate, sodium nitrate and gypsum or ammonium 
sulphate and lime were without harmful effect. 

* E. M. Crowther, J. Agric, Set., 1925, 15, 222; and with J. K. Basu, ibid., 1931, 21, 689 
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exchangeable cations is shown in Table 32, taken from Page and 
Williams’^ analyses of the Broadbalk soil. 

TABLE 32 

Exchangeable Bases in Broadbalk Soil 
Mllli-equivalents per 100 grams of dry soil 



Unmanured 

Sulphate of 
ammonia 
and super 

Sulphate of 
ammonia, 
super, and 
sulphate of 
potash 

Sulphate of 
ammonia, 
super and 
sulphate of 
soda 

Calcium . 

13-57 

15-32 

14-89 

16-29 

Magnesium 

0-75 

0-70 

0-50 

0-70 

Potassium . 

0-42 

0-32 

0-89 

0-32 


SODIUM SULPHATE 

On the Broadbalk wheat field, sodium sulphate acts rather differently 
from potassium sulphate. It causes no diminution in the amount of 
replaceable calcium or potassium, but, on the contrary, an increase in 
the calcium. Apparently, therefore, the sodium has not replaced 
calcium or potassium, yet something has certainly happened, for more 
potassium is taken up by the crop. The Broadbalk wheat receiving 
sodium, but no potassium sulphate, contains more potassium than 
wheat on the adjoining plot receiving no sodium sulphate (Table 33). 

MAGNESIUM SULPHATE 

This has the same effect. From Table 33 it appears that in the twenty- 
year period, 1852-71, the sodium sulphate had enabled the plant to 
take up an additional 212 lb. of K, whilst the magnesium sulphate has 
furnished it with an extra 266 lb. over and above what the crop on 
Plot 1 1 obtained. The calcium sulphate present in the superphosphate, 
on the other hand, has had no appreciable effect. 

No proven explanation can be given for this difference between 
calcium sulphate on the one hand and magnesium and sodium sulphate 
on the other, but the probable cause lies in the low solubility of the 
calcium sulphate compared with that of the other two. A crystal of 
magnesium sulphate in the soil will be close to a number of clay 
particles, and as this crystal dissolves in the soil water, it will temporarily 
give a high concentration of magnesium ions in the soil solution in its 
immediate neighbourhood, which will cause a pronounced displace- 
ment of exchangeable potassium ions into the solution which in turn 

» Trans. Faraday Sac,, 19*5, so, 573. 
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TABLE 33 

Effect of Calcium, Sodium and Magnesium Sulphates in Increasing the 
Supply of Potassium and Wheat in Broadbalk^ 

All plots receive 200 lb. per acre of sulphate of ammonia annually 



Nitrogen 

only 

10 


Superphosphates 


Plot 

alone 

with 

sodium 

12 

with 

magnesium 

14 

with 

potassium 

1 

K in straw per c( 
1852-61 

int 

079 

0-68 

0*87 

0-97 

1 

\ 107 

1862-71 

0-64 

0*61 

076 

079 

\ MO 

1902-21 

0-57 

0-42 

0-52 

0-61 

\ M3 

Weight of K rem 
1852-61 

oved in crop,^ in 
1 227 

1 Ib.lacrefyear 
257 

377 

41-4 

\ 44-1 

1862-71 

19-2 

21-6 

31-4 

32-4 

45*9 

1902-21 

13*4 

12-3 

18-6 

19-2 

40*2 

Exchangeable K i 
0-18 in. 1 

n soil in milli-eq 
0-32 

uiv. per 100 gm, 
0-32 1 

in 192P 

0*32 

0*36 

0-89 


will exchange, mainly with calcium ions, on neighbouring clay particles. 
Thus, in the neighbourhood of each crystal of magnesium* and sodium 
sulphate, there will be a thin shell of clay particles having a higher 
proportion of exchangeable potassium ions than the bulk of the soil, 
and presumably the wheat roots obtain a proportion of their potassium 
from these spots before the slow processes of equilibration of this con- 
centration of exchangeable potassium has proceeded very far. Calcium 
sulphate crystals cannot, on the other hand, give this high concentration 
of calcium ions, and so cannot show this effect, 

^ I am indebted to R. G. Warren for this Table. Most of the data for 1852-71 are given 
by J. B, Lawes and J. H. Gilbert, Trans. Chem. Soc.^ 1884, 45, 305, and some of the data for 
1902-21 by W. E, Chanibers, J. A^rk. Sd., 1953, 43, 473. 

* About one-quarter is in the grain and the rest in the straw. 

* H. J, Page and W. Williams, Trans. Faradry Soc.^ 1925, 20, 573. 









CHAPTER VIII 


THE BEHAVIOUR OF SOILS AND CLAYS 
IN WATER 

A CLAY PARTICLE, suiTounded with water, affects the properties of the 
water in its immediate neighbourhood; and one of the most important 
properties affected is the total energy of the system, for when a dry clay 
is wetted energy is released. This reduction in the total energy can be 
demonstrated in many ways. When a dry clay is immersed in water, 
the energy released appears as heat and the heat evolved per gm. 
of dry soil or clay is called its heat of wetting. When a clay holds a 
small amount of water, it holds it so tightly that the vapour pressure 
of the water is very much reduced; and the curve relating the moisture 
content of the clay to the vapour pressure of water in the atmosphere 
with which it is in equilibrium may give some information on the way 
in which the water is held. When the density of a dry clay is deter- 
mined in water and in a non-polar hydrocarbon, e.g. carbon tetra- 
chloride, it is found that the clay has apparently a higher density in 
the water than in the hydrocarbon, due to the water molecules being 
orientated and held in the neighbourhood of the clay surface, so 
occupying a smaller volume than free water molecules. 

It is very important to realise that soils and clays can effect the 
properties of water in two ways. If the clay is immersed in water its 
effect on the water is due solely to the properties of its surface. But if 
the clay or soil only contains a small quantity of water between its 
particles, so that there are interfaces between the liquid water and the 
atmosphere, these interfaces will be strongly curved and will directly 
affect the free energy of the liquid water. These effects are known as 
capillary phenomena, and are due to the geometry of the system and 
not to the properties of the solid particles. They are of fundamental 
importance when the movement of water in the soil is being considered, 
and will therefore be discussed in Chapter XIX. 

A clay particle immersed in water affects the water molecules largely 
through the exchangeable ions on or near its surface. If the water is 
either free from electrolytes, or only contains very low concentrations, 
a proportion of the exchangeable ions dissociate from the soil surface 
and move into the water, but the majority do not move very far away 
from the surface. They form what is known as a diffuse double layer: 
a double layer because the clay surface carries a net negative charge 

>25 



126 THE BEHAVIOUR OF SOILS AND CLAYS IN WATER 

and the water a net positive charge, and diffuse beckuse the net positive 
charge is distributed throughout a volume instead of over a surface. 
The properties of these double layers and the effect of other salts on 
the distribution of the dissociated cations in the neighbourhood of the 
soil surface can be calculated approximately in certain simple cases 
by the methods first introduced by G. Gouy and extended by P. Debye 
and E. Htickel. 

Four properties only of this double layer need be stressed in this 
section. Firstly, its thickness, that is, the mean distance the ions 
dissociate away from the surface, decreases as the electrolyte concen- 
tration in the water increases; and at equal equivalent corjicentrations 
of electrolyte divalent cations decrease the thickness of the dWhle layer 
more strongly than monovalent, and trivalent more strmgly than 
divalent. As a corollary to this, if clay particles are suspended in water 
containing very little electrolyte, the double layer is thicker if the 
exchangeable ions are sodium and potassium than if they are calcium 
or magnesium, and it is probably thicker for sodium than for potassium. 

Secondly, the existence of this diffuse double layer causes an electrical 
potential difference between the surface of the clay particle and the 
bulk of the solution; that is, work must be done to transfer a cation 
from the surface of the particle to the bulk of the solution. Hence, this 
double layer hinders the free interchange of cations between these two 
regions. A consequence of this effect has already been mentioned on 
p. 104. Hydrogen ions cannot have the same activity throughout these 
regions, and in fact the thicker the double layer the smaller will be 
the contribution of the hydrogen ions that can dissociate from the clay 
surface to the hydrogen-ion concentration in the bulk of the solution. 
The more the diffuse double layer is compressed on to the clay surface 
the more freely will the hydrogen ions be able to move from the clay 
surface into the solution, and the lower will be its apparent pR. Also, 
since at a given concentration calcium ions compress the double layer 
more strongly than potassium, a soil will have a lower pR in a dilute 
calcium chloride solution than in a potassium chloride solution of the 
same normality. This result is not confined to hydrogen ions. If, say, 
a sodium clay is dispersed in pure water, adding a dilute electrolyte 
to the solution will increase the proportion of sodium ions that dis- 
sociate from the clay surface through reducing the potential difference 
across the double layer. 

Thirdly, the proportion of the exchangeable cations that dissociate 
to form the double layer. The most direct way of estimating this pro- 
portion should be by measuring the activities of the cations around the 
clay particles, using suitable membrane electrodes in the same way as 
the hydrogen-ion concentration around the clay particle is measured 
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with, say, a glass electrode, but the membrane electrode techniques 
have not yet been developed for this to be done reliably as they are not 
yet sufficiently specific for any one of the simple cations. But C. E. 
Marshall,^ who has developed these electrodes, considers he can show 
at corresponding contents of exchangeable cations that only about 
one-tenth as many calcium as sodium ions are dissociated from a 
montmorillonite clay, and between one-quarter and one-half that of 
sodium from a kaolinite, and only about one to three sodium ions per 
thousand adsorbed are dissociated. 

Fourthly, the concentration of the added anions in the diffuse double 
layer is lower than in the bulk of the solution. Hence, if a dilute 
solution of sodium chloride is added to a dry clay, and if no chloride 
is taken up by the clay, the concentration of chloride in the solution 
will rise, because the chloride will be partially expelled from that part 



Fig. 12. Diagrammatic representation of a clay micelle dispersed in water. 

which is near the clay surfaces from which exchangeable cations dis- 
sociate. This phenomenon is sometimes called negative adsorption; 
and part of the water forming the diffuse double layer is sometimes 
called bound or unfree water; and because of this phenomenon some 
workers, such as S. Mattson in particular,® have treated the system 
clay-electrolyte-water as a Donnan membrane equilibrium system. 
This exclusion of anions from part of the water in the system also 
creates great difficulties when one is trying to measure the adsorption 
of anions from dilute solutions by soils, particularly monovalent anions 
such as chlorides and nitrates which are only taken up in small quanti- 
ties; for one does not know experimentally from what effective volume 
of water the anion is expelled. 

The exchangeable ions affect the water through the positive charges 
they carry influencing the orientation of the water molecules in their 
neighbourhood, for though the water molecule is electrically neutral, it 
has an excess of positive charge at one end and of negative charge at the 
other, so behaves like an electric dipole. Fig. 12 illustrates this effect 
* SoU Set., 1948, 65, 57. 'See, fi>r example, Soil Stu, 1946 ,61,313. 
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diagrainmatically. The free negative charges on the clay surface, an3. 
the dipole formed by a negative charge on the clay neutralised by aR 
undissociated cation, equally affect the orientation and freedom of 
movement of the water molecules in their immediate neighbourhood. 

This effect of the cation in reducing the freedom of movement of 
the water molecules is greater the greater the charge on the cation, and 
the smaller its size, that is, the greater its surface charge density. Thus 
magnesium ions have a greater effect than calcium, and calcium than 
potassium. Hence, magnesium clays have a greater heat of wetting,^ 
a greater adsorption of water vapour at low relative humidities,® and a 
greater apparent density in water compared with that in an ine^ liquid® 
than calcium clays and these than sodium clays and thdse than 
potassium clays. These ionic effects are not confined to thq system 
clay-water, but are also shown, usually to a smaller extent, with clay 
and any other liquid whose molecules possess dipole moments, i^uch as 
the alcohols, for example. They are not shown by systems in which the 
clay is dispersed in a non-polar liquid, such as in most hydrocarbons 
or carbon tetrachloride. 

Absorption of Liquids and Gases by Dry Clays 

Dry clays absorb liquid by two distinct mechanisms. Firstly, mole- 
cules of the liquid can be held by the electric charges of the clay and the 
exchangeable ions, provided they possess a dipole moment or have a 
dipole moment induced in them by the charges. E. W. Russell® has 
made a fairly extensive investigation of these absorption phenomena 
and found that simple electrical considerations are quite adequate to 
explain them. Secondly, liquids can be held in the pores between the 
clay particles, and any liquid can be held in such a way. R. K. Schofield* 
showed that there is no reason to doubt that the ordinary laws of 
capillary condensation hold approximately even if the pores are only 
about ten times larger than the diameter of the liquid molecules. 

The adsorption of liquids on the surface of dry clays normally 
involves the system. swelling if thf particles were previously in closest 
packing, though the additional volume occupied is usually considerably 
less than the volume of liquid adsorbed, for nfuch of the adsorbed liquid 
occupies the pore space between the particles. A good quantitative 
analysis of the factors causing a dry clay to swell when wetted with 
water has not been made, but normally the swelling is greater the 
higher the cation exchange capacity of the clay, as one would expect; 

^W. W. Pate, Soil Sci,, 1925, ao, 329; L. D. Baver, J. Anur, Soc, Agron., 1928, 20, 921; 
M. S. Anderson, J. Agric. Res,, 1929, 38, 565; H. Janert, J, Agric, Sci,, 1934, 24, 136. 

* M. D. ITiomas, Soil Sci,, 1928, 25, 485; H. Kuron, KoU. Chm, Beih., 1932, 36, 178. 

* E. W. Russell, Phil. Trans., 1934, 233 A, 361. 

* Trans. 1st Comm. Int. Soc. Soil Sd., Bangor, 1938, A 38. 
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and for a given clay the sodium saturated usually swells more than the 
calcium saturated and the acid washed, and these swell more than the 
potassium saturated.^ The swelling is less in a salt solution than 
in' water, and the more concentrated the solution, the less the 
swelling. If the liquid merely fills the spore space without being 
specifically adsorbed on the surface, as, for example, if a non-polar 
hydrocarbon vapour condenses on a dry clay whose particles are in 
closest packing, the condensation will involve no change in the volume 
of the clay system. 

The converse process of dispersing a clay in a liquid and then 
removing the liquid by allowing it to evaporate, causes the volume of 
the clay-liquid system to be reduced by the volume of the liquid 
removed until a time comes when further removal of liquid allows air 
to enter the spaces between the clay particles. If the liquid is not 
specifically adsorbed by the clay surface, further removal of liquid will 
only cause a small reduction in volume of the system as the particles 
will be nearly in closest packing, so further drying cannot bring them 
much closer together. But if the liquid is specifically adsorbed, as is 
water, for example, then the thickness of the adsorbed films round the 
particles will become thinner and the whole system continue to shrink. 

Dry clays will also absorb gases, and here we know very much less 
about the phenomenon and nothing about the mechanism of the 
absorption. At temperatures of liquid nitrogen ( — i83°C.), P. H. 
Emmett, S. Brunauer and K. S. Lowc^ considered they could calculate 
from the nitrogen absorption curve the point at which a monomolecular 
film of nitrogen was formed on the clay surface; and using this method, 
concluded that the particles in the clay fraction of two soils (Cecil and 
Barnes) had a surface area of about 40 and 70 sq. m. per gm. 

Dry clays absorb permanent gases at room temperatures, and the 
amount they absorb is in proportion to the gas pressure, and increases 
as the critical temperature increases. The absorption is very small for 
helium, neon and hydrogen, larger for oxygen, nitrogen, air and 
argon,® and much larger for carbon dioxide.^ It is possible that calcium 
and magnesium clays absorb gases rftore strongly than potassium clays, 
which in turn arc stronger absorbers than sodium. These absorbed gases 
are readily displaced by water vapour or water, and, in fact, this 
displacement of absorbed air is an important mechanism in the observed 
break-up of dry soil clods when they are wetted.® 

* L. D. Baver and H. Winterkorn, SoU &/., 1934, 291; 1935, 40, 403. 

2 Soil Sci.f 193B, 45, 57; R. A. Nelson and S. B. Hendricks, ibid., 1943, $6, 285. 

* Unpublished observations of E. VV. Russell and G. H. Gashen. 

* H. Wiessrnann and W. Neumann, ^tschr. Pfianz^ Diing., 1935, 40, 49; Trans» 3rd Ini* 
Congr, Sod ScL (Oxford), 1935, i, 51; M. W. Tschapek, Pedology, 1938, No. i, 25. 

* For examples of this effect, see E. W. Russell and R. V. Tainhane, J. Agric* ScL, 1940, 
30, 210. 

S.C. — 6 
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These effects are illustrated in Fig. 13, which shows the changes in 
volume of a wet soil cylinder as it is first dried and then re-wetted.^ The 
higher volume for a given moisture content on re-wetting is due to the 
adsorbed air that has been displaced and entrapped in the pores. 



Fig. 13. The effect of drying and wetting a cylinder of moulded soil on its volume. 

Deflocculation and Flocculation of Clay Suspensions 

If a small amount of sodium clay is shaken up in distilled water it 
will usually disperse into individual particles, which will repel 
one another if they come sufficiently closely together; and when 
the clay particles sediment out, the sediment is compact and difficult 
to redisperse. This suspension is said to be deflocculatcd. The cause 
of the repulsion is due to the interaction of the two difluse double 
layers, and of the compact sediment is that the particles are in close 
packing as they are uniformly distributed throughout the sediment. 
If now sufficient electrolyte is added, the particles will cease to repel 
one another when they come close together, but instead will stick to 
each other, forming loose aggregates or floes. The suspension is now 
said to be flocculated. The mechanism of floe formation is not under- 
stood, but it only takes place wHen the difluse double layer is thin, 
and since the floes are very loose the particles can presumably only 
join up in chains, thus enclosing a large volume of solution. These 
floes settle into loose sediments, in which the particles are not uniformly 
distributed, and hence which can be very easily redispersed. 

The phenomenon of deflocculation in clay suspensions is shown most 
strongly by clays whose exchangeable ions arc predominantly sodium, 
or probably also lithium. It is less strongly displayed by potassium or 
magnesium, and still less by calcium or acid clays. The minimum 

^ W, B. Haines, J. Agric, ScL^ 1923, 13, 296, 
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concentration of cations needed to cause flocculation is highest for 
sodium and lithium clays, lower for potassium, ammonium and mag- 
nesium clays, lower still for calcium and aluminium clays, and very 
much lower for clays containing multivalent or complex cations.^ 

The transitions between deflocculation and flocculation presents 
phenomena which are not well understood, though they are probably 
of very great practical importance. If the clay suspension is very 
dilute, with only a few parts of clay per ten thousand parts of water, 
the transitional phenomenon is that at electrolyte concentrations 
inadequate to cause complete flocculation, a portion of the particles 
stick together in very small and apparently fairly compact floes and 
settle through a cloudy suspension. When the clay concentration rises 
to several parts per thousand of water, this phenomenon of fine floes 
settling through a cloudy suspension is still the first to be seen. But as 
more electrolyte is added a new phenomenon is found. The clay sus- 
pension sets into a very weak gel, from which water separates out, 
allowing the whole to settle uniformly. The clay suspension has a sharp 
upper boundary and leaves a clear, supernatant liquid. On standing, 
this gel may break up into floes, or it may develop pipes through which 
the liquid, which has become surplus through the contraction, can 
escape.^ As the electrolyte concentration becomes still higher, this 
stage either lasts a very short time before it breaks up into floes, or 
floes form straight away.^ 

This property of forming weak clastic gels, that break up readily in 
a fluid suspension when shaken, is known as thixotropy.^ It is displayed 
most strongly by clays such as bentonites when they hold a large 
amount of exchangeable sodium ions, and much more weakly by 
kaolinitic clays, which can only hold small amounts of exchangeable 
sodium. The cause of this behaviour is not known, but since it takes 
a definite time for the clay to set as a gel after shaking, the clay particles 
presumably must take up preferred orientations with respect to their 
neighbours.® 

The evidence available is concordant with the picture that the clay 
particles form a fairly open network, with the particles edge to edge, 
though there may be some overlap at the edges. Thus R. K. Schofield 
and C. Dakshinamurti® found that the electrical conductivity of a 

^ For a discussion and references to experiments on these topics, see G. Wieg^ner, J, Soc, 
Cliem, IndusL, 1931, 50, 65 T, and E. W. Russell, J, Agric. Scu, 1932, asa, 165. See also H. 
Jenny and R. F. Reiumeier, J. Phys. Chem., 1935, 39, 593, for later experiments. 

® See R. K. Schofield and B. A. Keen, Nature, 1929, 123, 492, for a photograph of this. 

® For a more detailed description of these phenomena, sec J. L. Russell, Proc, Roy, Soc,, 
1936, 154 A, 550. 

* This phenomenon is discussed in text-books of colloid chemistry, but for a good account, 
see H. Freundlich, Thixotropy, Paris, 1935. 

® For a review, see E. A. Hauser, Oiem, Rev., 1945, 37, 287, See also J. Phys, Chem., 1939, 
43, 10x5. • Faraday Soc,, Disc, 3, 56. 
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dcflocculated i per cent bentonite solution in JVy4o potassium bromide 
was 3 per cent greater than the salt solution, but for the thixotropic gel 
in JV/io potassium bromide, it was 16 per cent less. 

Deflocculation and Flocculation in Clay Pastes and Clods: 

Soil Consistency 

Flocculation and deflocculation phenomena in concentrated clay 
pastes are primarily concerned with their rheological properties, i.e. 
those concerned with the mechanics of their flow and deformation. 
At a given clay concentration, a deflocculated clay is more fluid than 
a flocculated, and correspondingly a flocculated is more rigid than a 
dcflocculated, but this rigidity itself is only strongly shown if \he paste 
is subject to weak stress; i.e. it possesses a property analogous to its 
thixotropic properties in dilute suspensions. \ 

Deflocculated pastes dry to hard, uniform and usually large clods 
possessing very few cracks, whilst flocculated pastes dry to smaller, 
more crumbly clods, usually full of cracks. This effect can be seen in 
Plate V, which shows the effect of drying a deflocculated and a floccu- 
lated paste of a sodium clay. Thus, both the uniformity of distri- 
bution of particles throughout the system that is characteristic of 
the deflocculated system, and the non-uniform spatial distribution 
characteristic of the flocculated system, persist in the dried state. 
Crumb formation is thus seen to be a characteristic of a flocculated, 
and hard clod formation of a deflocculated, clay; and the greater the 
concentration of salts present in the wet clay paste, the weaker, more 
friable and more porous will be the clods formed when the paste 
is dried. 

Clods formed by drying a deflocculated clay paste differ in another 
fundamental respect from those formed from a flocculated paste: on 
wetting, the former typically redisperse into a paste; whereas the latter 
may swell in the water, but they retain their shape, and do not re- 
disperse. Clods showing the former behaviour are called water-unstable, 
and the latter water-stable. Soils containing much exchangeable 
sodium but no free salts give typical hard large clods when dry, which 
break down again into a liquid mud when wet, whereas salt-free 
calcium soils give smaller clods which retain their shape on wetting. 
Potassium and magnesium soils come intermediate: soils rich in high 
cation-exchange capacity clays saturated with either of these cations give 
clods showing considerable water instability; whereas acid soils behave 
almost exactly like calcium ones. 

Water instability of clods is confined to tliose produced from drying 
a deflocculated paste. Thus, if sufficient sodium chloride or sulphate 
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is added to a sodium clay paste so that it becomes flocculated, the clods 
formed by drying this paste become water-stable; and sodium clay 
clods themselves are stable if wetted with a dilute sodium chloride 
solution. These properties are of great importance in many irrigated 
soils which contain much exchangeable sodium. So long as fairly 
salty irrigation water is used the surface tilth remains good, but the 
soils cannot stand prolonged rain, because rain-water does not con- 
tain enough salts to keep the clay particles flocculated. These harmful 
eflccts of deflocculated sodium soils can often be aggravated by adding 
small quantities of sodium carbonate (alkali), which by raising the pYi 
raises the exchangeable sodium content of the soil, causing it to become 
deflocculated. 

The cause of water instability or water stability of crumbs is the same 
as the cause of deflocculation and flocculation. For a water-unstable 
crumb deflocculates when shaken up in water because there are repul- 
sive forces between the particles, so the added water can penetrate 
indefinitely between the clay particles.^ This not only causes the crumb 
to swell indefinitely but also to lose its shear strength so that it loses its 
shape also. A water-stable crumb does not break up indefinitely when 
shaken gently in water, because such a dry crumb has the property 
that the clay particles attract each other, and when wetted some water 
may penetrate between the particles, so the crumb swells to a strictly 
limited extent, but not enough water can penetrate to allow a separa- 
tion sufficiently large for the repulsive forces to come into play; hence 
the wet crumb does not lose its shear strength or its shape. One can get 
a continuous transition between the typical deflocculated sodium clay 
and the flocculated calcium clay behaviour by suitably choosing the 
exchangeable ions and the concentration of a suitable salt in the water. 

Flocculation and deflocculation therefore affect the swelling of soils 
when wetted, and this has the consequence that if a dilute salt solution 
is percolated through a series of soils containing an increasing pro- 
portion of exchangeable sodium ions relative to calcium, the perme- 
ability of the soil will drop more rapidly with time the higher the con- 
tent of exchangeable sodium, and that just before the soil becomes 
impermeable the solution will become turbid due to fine soil particles 
dispersing in it. These are factors of great importance in the irrigation 
and management of saline and alkali soils, and are discussed in detail 
j in Chapter XXXIV. 

I Flocculation and deflocculation of clay pastes affect other properties 
besides water stability and permeability. Deflocculated clay pastes are 
sticky, and mouldable into any desired shape at relatively low moisture 

»See, for example, K. Norrish, Faraday Soc., Disc. 18, 1954, 120, and B. P. Warkentin, 
G. H. Bolt and R. D. Miller, Proc. Soil Sci. Soc. Amcr., 1957, ai, 495. 
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contents; flocculated pastes are less sticky, and cease to be mouldable 
at relatively high moisture contents — they become crumbly or friable 
at lower moisture contents. This complex factor of lack of stickiness 
together with crumbliness probably is that recognised in the field as 
mellowness: a mellow tilth takes cultivation implements at higher 
moisture contents than a raw tilth, and dries to a crumbly friable soil 
rather than to hard clods. 

Adding calcium carbonate to a heavy clay soil may increase the 
mellowness of its tilth and reduces the size of clods into which the soil 
dries, presumably through it causing the clay to become more floccu- 
lated. It is, however, not due to it converting an acid cl[ay into a 
calcium clay, for both these clays behave almost identically in the 
absence of added electrolyte. \ 



CHAPTER IX 


THE PHYSIOLOGY OF THE MICROBIAL 
POPULATION 

The Microbial Population of the Soil 

Soils differ from a heap of inert rock particles in many ways, but 
one of the more important is that they have a population of micro- 
organisms living in them which derives its energy by oxidising organic 
residues left behind by the plants growing on the soil or by the animals 
feeding on these plants. In the final analysis the plants growing on 
the soil subsist on the products of microbial activity, for the micro- 
organisms are continually oxidising the dead plant remains and leaving 
behind, in a form available to the plant, the nitrogenous and mineral 
compounds needed by the plants for their growth. On this concept 
a fertile soil is one which contains either an adequate supply of plant 
food in an available form or a microbial population which is releasing 
nutrients fast enough to maintain rapid plant growth; whilst an infertile 
soil is one in which this does not happen, as, for example, if the micro- 
organisms are removing and locking up available plant nutrients from 
the soil. 

The soil micro-organisms can be classified into major divisions, such 
as the bacteria, actinomycetes, fungi and algae — the microflora, and 
the protozoa, worms and arthropods — the microfauna and fauna. But 
these divisions are not always clear-cut: there are flagellates, such as 
Euglena, that can be classed either with the algae or protozoa, but even 
more important, there are groups of soil organisms such as the Myxo- 
mycetes and the Acrasiae, which seem to bridge the gap between the micro- 
flora and the microfauna and cannot be clearly assigned to either of 
these groups. For this reason some Biologists have introduced the word 
“protista” to cover all micro-organisms. Protista are not considered 
plants or animals, but they contain many simple forms of life, some of 
which have given rise to plants, some to animals, and some to forms 
that are not clearly either, as, for example, the fungi. 

The classification of the soil micro-organisms into orders and genera 
also presents very difficult problems. The traditional fundamental 
criteria on which such classification depends are based on an examina- 
tion of the sexual reproductive organs; but many groups of soil 
organisms have either never possessed the power of sexual reproduction, 

»35 



136 


THE PHYSIOLOGY OF THE MICROBIAL POPULATION 


as in the bacteria, actinomycetes and blue-green algae, or have 
effectively lost it, as in many of the soil fungi; so that, for these groups, 
the generally accepted criteria are not available. 

The bacteria form an outstanding example of the difficulties of 
classification, because not enough is yet known about them for there 
to be adequate criteria available to separate them into groups.^ Their 
shapes are too similar for most of them to be classified by this means, 
and it seems unlikely that they will be found to possess sufficiently 
numerous surface characteristics, even when examined with the 
electron microscope (see Plate VI) for any detailed morphological 
classification to be possible. Their early classification was developed 
by pathologists, who were impressed by their specificity, in, for^xample, 
their being the cause of an identifiable disease; but the outstanding 
characteristic of the common soil bacteria is their adaptability rather 
than their specificity. ' 

The methods of studying what the micro-organisms do in the soil 
are again very inadequately developed. There are still no satisfactory 
ways of following what the smaller micro-organisms do, though there 
are a variety of methods giving partial pictures of their activities. The 
method of examining a natural soil directly with a microscope, using 
incident light illumination, has been developed by W. L. Kubiena,® 
and though of considerable value for the study of the larger organisms, 
e.g. fungi and nematodes, it is still limited by great technical difficulties 
in the study of bacteria and other organisms that have almost trans- 
parent bodies. 

J. Rossi and S. Riccardo® and N. Cholodny* independently devised 
a method for the direct examination of the soil organisms. Microscope 
slides or cover slips are buried in the soil for a few days, and carefully 
dug up, the main lumps of soil removed and the micro-organisms 
on the slide fixed and stained. Such preparations often give an 
excellent idea of the methods of growth and of the morphology of 
the different types of micro-organisms, and one can sometimes even 
see that one organism has been feeding on another. But the results 
obtained by this method must be c&refully interpreted. In the first place 
some organisms will grow better on a continuous solid surface than in 
between the soil particles, hence will develop more strongly on these slides 
than in the soil. In the second, it has been customary to examine these 
slides after the organisms have been killed, fixed and stained, so that 
only their gross morphology, i.e. whether they are cocci, rods, fine 
hyphae, etc., could be noted, and only rarely were fruiting bodies foimd. 

^For a discussion of this problem, sec C. B. van Nicl, Cold Spring Harbor Symp,^ 1946, 
II, 285. , * Micropedologyt Ames, 1938. 

^ Nuovi Ann. deW AgricolUy 1927, 7, 92, 457. For a summary of Rossi^s work in English, sec 
Soil Set., 1936, 41, 53. * Arch. MikrobioL, 1930, I, 620. 
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Techniques such as phase contrast microscopy have, however, now 
jeen developed which allow direct examination of the living organisms 

0 be made. 

Cholodny^ has introduced two other methods for observing the 
behaviour of micro-organisms in the soil. In the first, some moist 
latural soil is carefully sifted into a glass cell, about i mm. deep, with 

1 circular space about 4 mm. in diameter left in the middle, and the 
:ell is then covered with a cover slip. After an interval of time, fungal 
tiyphae may be seen growing out from the soil into this space, and 
,ater it is sometimes also possible to see films of bacteria spreading 
iround its periphery. In the second method® some fine soil particles 
ire put on a microscope slide, covered with a cover glass, and a drop 
if water allowed to spread between the two. This is incubated for 
several days and then examined. Fungi and actinomycetes are seen 
10 be dominant if the soil is only slightly damp, whilst if it is moister 
films of bacteria, cither cocci or short rods, can be seen to spread out 
radially from the soil particles. These bacteria usually appear to be 
surrounded by gummy capsules. 

More recently C. Rouschel and S. Strugger® and E. Burrichter* have 
developed techniques which allow one to see bacteria and other 
organisms in a fluorescence microscope and P. C. T. Jones and J. E. 
Mollison® and Y. T. Tchan and J. S. Bunt® used dyes that stained living 
but not dead organisms. Rouschel and Strugger found that the dye, 
acridine orange, when absorbed by living (or recently dead) organisms 
fluoresces green, but when absorbed by dead cells or organic matter 
fluoresces red to red-brown. Jones and Mollison found that living (or 
recently dead) organisms would absorb aniline blue and hold it against 
a solvent which would remove it from organic matter and dead cells. 
Bacteria, actinomycetes and living fungal mycelium all stain an intense 
blue colour by this technique, and can be clearly distinguished from 
any soil or organic particles they may be on, and some of their photo- 
graphs are reproduced in Plate VII. 

Another group of methods for studying the soil organisms is based 
on the pure culture plating techniqtie. The soil is shaken up with 
water and a sample of the soil suspension is diluted, mixed vydth a 
suitable culture medium and poured on a plate of nutrient agar. Organ- 
isms from the individual colonies can then be picked out and their meta- 
bolism and behaviour studied in isolation. This method picks out from 
among the common soil organisms those that can be brought into suspen- 
sion by this technique and which will grow on the particular nutrient 

1 Arch. Mikrobiol., 1934, 5, 148. » Arch. Mikrobiol., 1936, 7, a86. 

> Nalvrwiss., 1943, 31, 300; Canad. J. Rts., 1948, a6 C, 188. Sec also A. St6ckli, SchoeK. 
landw. Mh., 1959 no. 4/5, j6a. ‘ Zlschr. t^mahr, 1953, 63, 154. 

' J. Gen. Microbiol., 1948, 2, 54. * ffature, 1954, 174, 65G. 
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medium used; it can also be used to pick out less common organisms 
that possess any easily recognisable characteristic; but it suffers from 
the defect that usually only a small proportion of the soil micro- 
organisms appear to develop on these plates (see p. 146), and hence one 
cannot conclude that the organisms so isolated are a representative 
sample of the microbial population. Further, it only gives limited infor- 
mation about the reactions the various bacteria actually carry out in the 
soil, for bacteria can grow on organic substances in pure culture which 
they would be unable to use in the very competitive environment of the 
soil. I 

A third method, developed by Beijerinck and Winogradsky,! and of 
great value in isolating organisms having an “unusual” metabolism, 
is to alter the soil conditions so they are especially favourable to 
organisms capable of this metabolism, but unfavourable to other types. 
Thus Winogradsky was able to encourage bacteria which could derive 
their energy from the oxidation of ammonia or nitrite by supplying the 
soil with ammonia or nitrite as the sole source of energy. 

These various methods thus supplement each other. The methods 
of direct observation show something of what the micro-organisms look 
like in the soil, and often where they live, but only rarely do they show 
what they are doing; whilst the pure culture methods usually give some 
indication of what the micro-organisms can do, but not what they 
look like, or where they are, in the soil. 

The Nutrition of the Microflora; Autotrophic and 
Heterotrophic Organisms 

Organisms need food for two distinct purposes; to supply energy for 
their necessary vital processes and to build up their body tissues. Some 
of the microflora can use entirely different sources of food for these 
two purposes, whereas for others and for most animals the same food 
serves both purposes equally. The microflora use three different 
methods for obtaining energy: most algae and a few kinds of bacteria 
can use sunlight direct, some bacteria can use part of the energy set 
free when certain inorganic compounds are oxidised, e.g. hydrogen or 
sulphides, whilst most of the microflora can use part of the energy set 
free when sugars and other organic compounds are degraded or 
oxidised. 

The microflora are classified into autotrophs, which are capable of 
using the carbon of carbon dioxide as the sole source of carbon for 
their body tissues, and heterotrophs, which are not so capable. Most 
autotrophs can utilise more complex forms of carbon, though the 
nitrifying bacteria and some thiobacilli probably cannot, and many 
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heterotrophs need carbon dioxide as well as complex sources of carbon. 
On this definition, there is a sharp distinction between heterotrophs and 
autotrophs, for the autotrophs must be supplied with an external source 
of energy for the conversion of carbon dioxide into body protoplasm, 
whilst the heterotrophs can use sugars and other simple organic sub- 
stances as a source both of energy and of protoplasm. There are also 
two other important distinctions between these two types of nutrition. 
In the first place it takes much more energy to convert carbon 
dioxide than sugars into protoplasmic substances. In the second more 
energy is released per mole of oxygen used when sugar is oxidised 
than when inorganic substances are oxidised, as the following examples 
show: 

CgHiaOe-l- 6O2 ->6C02+ GHjO + 686 Cals.i 
NH4++ 3O2 -^NOg-H- 2H2O + 158 Gals. 

2N02~- O2 -> 2NO3--I- 43 Cals. 

2H2S + O2 - S + 2H20 + 65 Cals. 

S + 2O2 ► SO4-+ 142 Cals. 

4FeC03 O2 4 " 6H2O ■ 4Fe(OH)3 4-4CO2 4 " 81 Cals. 

Green plants, most algae and some bacteria are capable of autotrophic 
growth, whilst most bacteria, and possibly all actinomycetes and fungi, 
can only grow heterotrophically. 

Autotrophic organisms are the primary producers of organic matter; 
and though the higher green plants are usually the most important 
suppliers of energy-rich material to the soil, some of the autotrophic 
micro-organisms may contribute appreciably. Autotrophic organisms 
fall into two groups: the photosynthetic group, which contain chloro- 
phyll of one kind or another and are capable of using the energy of 
sunlight to reduce carbon dioxide to sugars, and the chemosynthetic 
group, which have to carry out ancillary inorganic oxidations to obtain 
this energy. 

Photosynthetic organisms are probably of little importance in the 
soil and are mainly confined to the algae, though under some conditions 
a few photosynthetic bacteria may be found. Algae can be important 
on or just below the soil surface. But the predominant photosynthetic 
organisms are green plants. 

Chemosynthetic autotrophic organisms probably only exist among 
the bacteria: the soil forms can derive their energy from a considerable 
range of oxidations, such as that of hydrogen to water, hydrogen 
sulphide to sulphur, thiosulphates and thionates, thence to sulphates, 
ammonia to nitrites and nitrites to nitrates, ferrous iron to ferric iron, 
and possibly divalent manganese to a more complex ion. Some can 
^ I Cal.= i kg. caloric— 1000 calories. 
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obtain their energy by carrying out intermolecular rearrangements 
such as 

6KNO3 + 5S + 2CaC03 ^ 3K2SO4 + 2CaS04 + 2CO2 

+ 3N2 + 634 Cals*, 

which can be performed by the fairly common soil bacteria Thiobacillus 
denitnjicans^ 

Autotrophic organisms can obtain their nitrogen supply from 
ammonium or nitrate salts, and these are usually the preferred sources; 
some, perhaps the majority, have difficulty in using most amino 
acids. A few autotrophic organisms can use or fix atmospheric nitrogen 
as their primary source, for example, all photosynthetic bacteria growing 
under suitable anaerobic conditions and some blue-green algae pnder 
aerobic conditions. 

Heterotrophic organisms are usually classified according to the 
complexity of their essential nutritional requirements. Most members 
of the microflora can use simple sugars as their main source of body 
fuel, but they vary in the types of sugar they can make use of. The 
majority can use glucose (dextrose) as their primary source, and 
produce, sometimes only if necessary, enzymes capable of converting 
a wide range of carbohydrates into this sugar. 

Heterotrophic organisms have a wide variety of demands in their 
food supply. The unspecialised members can obtain all the carbon 
for their body tissues from simple sugars or fatty acids and their nitrogen 
from inorganic nitrogen compounds, or, for some bacteria, from gaseous 
nitrogen. These processes are possible because the organisms can 
synthesise all the enzymes needed for their life and growth. Other 
members need more complex food supplies and one can consider that 
this is due to the organism losing its power to synthesise one or more 
of these enzymes. The first enzymes that usually cease to be synthesised, 
as the organism becomes more exacting in its food requirements, fall 
into two groups: those needed for producing from simple nitrogen 
sources the whole range of amino acids required for building up the 
body proteins, and those needed for the organism’s respiratory processes. 
If any of the first group are missing, the organism must be supplied 
with the essential amino acids, and if any of the second, with the 
prosthetic groups of the respiratory enzymes which it has lost the power 
of synthesising. The latter, which are usually members of the vitamin B 
complex, are only needed in very small quantities, as with vitamins for 
the human being. In contrast, the amino acids must be supplied in 
considerably greater quantity if the organism is to reproduce rapidly. 
Carbon dioxide is also an essential growth factor for many heterotrophic 

^ R. E. Buchanan and E. I. Fulmer, Physiology and Biochemistry of Bacteria, voL i, 433, 
London, 1928. 
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bacteria and fungi. Werkman and Wood^ have been able to follow a 
little of the chemistry of this carbon dioxide need by using radioactive 
carbon, and have obtained evidence that it is needed to convert pyruvic 
acid — a product of sugar fermentation — into oxalacetic acid, which 
plays an important role as a hydrogen carrier in the respiratory 
oxidation of sugars. 

This loss of power of synthesising critical substances is scattered over 
many groups of the microflora in such an erratic way that it has no 
systematic significance. On the whole, the exactingness of the organism 
is a reflection of its usual food supply: the more specialised the supply, 
as, for example, in a well-adapted parasite, the more likely the organism 
is to have lost the power of synthesising some of the enzymes produced 
by related organisms utilising a less specialised food supply. It has 
always been assumed in the past that autotrophic organisms, that is, 
organisms deriving the carbon of their protoplasm from carbon dioxide, 
could synthesise all the enzymes and amino acids needed for their 
growth. This assumption is now known to be false for some of the 
photosynthelic sulphur bacteria, as some need one or more constituents 
of the B vitamin complex. ^ Hence there may also be other members of 
the autotrophic bacteria, in the sense defined above, that need some of 
the growth-promoting substances — a possibility that has not yet been 
properly investigated. 

All micro-organisms need minerals as well as sources of carbon and 
nitrogen, though the relative amount needed varies widely with dif- 
ferent types. As with plants, potassium and phosphate are needed in 
considerable quantities, sodium, magnesium, calcium, iron and sulphur 
often in relatively high quantities, manganese, copper, zinc, boron and 
cobalt usually in small quantities by most organisms, whilst molyb- 
denum or vanadium are probably necessary if the organisms arc either 
using nitrate or atmospheric nitrogen as their source of energy.® 
Micro-organisms, however, differ very considerably amongst themselves 
in their requirements of these elements. The function of most of these 
metals is to form part of the prosthetic group of an enzyme; thus, iron 
and copper are needed for various porphyrins taking part in hydrogen 
transfer during respiration. Azotobacter forms a good example of an 
organism needing a trace metal only when certain enzymes are re- 
quired; it can only fix atmospheric nitrogen when supplied with traces 
of molybdenum or vanadium, but it can grow perfectly well in the 
absence of this metal if an available supply of ammonium ions is 
present. 

* For a review of tliis work, see C. H, Werkman and H. G. Wood, Adv. Enzymol., 1942, 2, 
135; and H. A. Krebs, Amu Rev, Biochem,, 1943, 12, 529, 

* S. H. Hutner, J. Bad,, 1946, 52, 213. 

* For a review of the nutrition of fungi, see R, A. Steinberg, BoL Rev,, 1939, 5, 327. 
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The Respiration of the Microflora: Aerobic and Anaerobic 

Organisms 

All organisms must respire to live, but they have developed different 
methods of respiration. Some — the obligate aerobes — must have access 
to free oxygen, whilst others either do not need such access — the 
facultative anaerobes — or else can respire only in the absence of free 
oxygen — the obligate anaerobes. Most soil members of the fungi and 
actinomycetes require conditions of good aeration, and few, if any, 
members outside the yeasts have been recognised as anaerobes. The 
soil bacteria, on the other hand, include groups having all degrees of 
tolerance to progressive oxygen deficiencies, ranging from strict obligate 
anerobes through numerous groups relatively insensitive to the Wygen 
supply to strict obligate aerobes. Little quantitative work has been 
done on the range of oxygen tensions of the various soil bactei*ial or 
even fungal groups, so that one cannot yet classify the bacteria at all 
accurately by the range of oxygen tensions they can tolerate. 

Respiration can be defined as the process of carrying out a chemical 
reaction which liberates energy with the transfer of part of the energy 
so liberated into energy available for the vital needs of the organism. 
The typical sources of energy in the heterotrophic cell arc sugars, 
mainly or perhaps only glucose, and the process of respiration normally 
consists in breaking down the sugar molecule into simpler ones having 
smaller total heats of formation. The mechanism of this breakdown 
can be most simply pictured as transfers of hydrogen atoms from the 
sugar to a hydrogen acceptor coupled with the residues taking up either 
water, or the hydroxyl groups from water, when necessary. Thus, the 
complete oxidation of glucose to carbon dioxide and water involves 
the tacking on of at least six hydroxyl groups to the six carbon atoms 
and the removal of at least twenty-four hydrogen atoms, twelve from 
the sugar itself and twelve from the six water molecules dissociated in 
the process, and these reactions are brought about by a battery of 
respiratory enzymes coupled with their appropriate prosthetic groups 
or co-enzymes that function as hydrogen carriers. Some of these 
prosthetic groups or co-enzymes contain a member of the vitamin B 
complex in their constitution, some are metal porphyrins, such as 
cytochrome, and some are simple 4-carbon dicarboxylic acids, such as 
oxalacetic. 

Oxygen is the final hydrogen acceptor in aerobic respiration, and 
combined oxygen can play this role under anaerobic conditions. Thus, 
many bacteria can reduce nitrates to nitrogen gas or ammonia during 
respiration, a process involving the transfer of nine hydrogen atoms 
from the sugar for each molecule of nitrate so reduced to ammonia, 
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whilst Other bacteria can reduce sulphates to sulphides, a process invol- 
ving the transfer of eight hydrogen atoms per molecule of sulphate 
reduced. Even the oxygen of carbon dioxide can be so utilised, and 
again eight hydrogen atoms are transferred for each molecule reduced 
to methane, and this is probably the principal source of the methane 
produced in anaerobic decompositions. 

Oxygen sources are not necessary for anaerobic respiration. The 
simplest type, in which one molecule of sugar is split up into two of 
lactic acid, 

^6^1206 2C3Hg03 

a reaction brought about by a number of bacteria, involves no transfer 
of hydrogen at all. But, in general, when an external oxygen supply 
is not available, respiration proceeds by part of the products of respira- 
tion acting as hydrogen acceptors and the remainder as hydrogen 
donors. The extreme case of this is the typical end-product of the 
anaerobic fermentation of carbohydrates by a mixed bacterial flora 
which produces only methane and carbon dioxide, 

CeH^^Og ^ 3CO3 + 3CH4. 

Here the carbon of the methane has accepted the maximum number 
of hydrogen atoms a carbon atom can accept, and the carbons of the 
CO2 have donated the maximum number. This process need not go 
to completion, thus alcohol yeast converts glucose into alcohol and 
carbon dioxide 

CgHisOg 2C2H3OH -f 2CO2 

and here only two instead of three of the carbon atoms have lost all 
their hydrogen. 

The outstanding difference between the anaerobic and aerobic 
fermentation of sugar lies in the energy liberated. Oxidising glucose 
to carbon dioxide and water liberates about 690 Cals, per mol. of sugar 
oxidised; but converting glucose to lactic acid liberates about 18 Cals., 
or to alcohol and carbon dioxide about 30 Cals., or to methane and 
carbon dioxide about 50 Cals, per .mol. of sugar decomposed. Thus 
anaerobic organisms need to decompose far more organic material to 
derive a given amount of energy than do aerobic organisms; alterna- 
tively, given additions of organic matter will furnish far greater 
opportunity for increase of microbial activity in aerobic than in 
anaerobic conditions. 

The By-products of Microbial Metabolism: Microbial Excretions 

Micro-organisms, like larger organisms, take in food and excrete 
by-products, which are either products of respiration or components 
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and poured on to petri dishes or plates. After incubation the number 
of bacterial colonies developed on the plate is counted, and so the 
number present per gm. of soil can be calculated. But the number 
SO calculated can only be considered the number present in the soil if: 

(1) each colony on the plate developed from one and only one 
bacterium; 

(2) all the bacteria in the soil sample are brought into suspension; 

(3) all the bacteria in the suspension can grow on the nutrient 

medium used. 1 

None of these conditions, in fact, holds; some bacteria regulaidy seem 
to consist of colonies held together by gummy substances, ana so are 
counted as one organism instead of many; some particles of s^il and 
organic matter hold on to bacteria so tightly that dispersion ^f the 
bacteria from the substrate is not complete; some bacteria cannot: grow 
in close proximity to others;^ and no nutrient medium has yet been 
discovered on which all soil bacteria will develop. Hence, the plating 
method will under-estimate the number of soil bacteria. 

The direct and the plating method thus over- and under-estimate 
the number of bacteria in the soil, but the difference between the 
numbers is surprisingly large, as is shown in Table 34, ^ which refers 
to some arable plots cropped every year with mangolds (Barnfield) 
and to some grass plots from which one or two hay crops are taken 
annually. 

The direct method is seen to give over a hundred times as many 
bacteria on the arable and a thousand times as many on the grass plots 
as the plating method. All other workers who have used the direct 
methods of counting have obtained numbers of the order of 10® bacteria 
per gm. of soiP whilst their plate counts are usually about a hundred 
times smaller, although F. A. Skinner, P. C. T. Jones and J. E. 
Mollison^ taking all precautions to get as high a plate count as possible, 
found that the total cell count on the Broadbalk plots were only about 
fifteen times higher than the plate, the mean values of the two being 
5146 X 10® and 337 X 10® per gnt. soil. The weight of other evidence, 
such as the rate of respiration of the soil bacteria (p. 219), and the 
number of bacteria needed to maintain the protozoal population feed- 
ing on them give results more in conformity with the higher numbers 
obtained by the direct count. 

^ For a discussion of the cfi'ect of this factor on the number of bacteria counted, sex: a scries 
of papers by N. James and M. L. Sutherland, Catiad, J. Res., 1940-3, x8 C-21 C. 

* Unpublished data of H. Ci. Thornton and P. H. H. Gray. ' 

*Thus Ci. Strugger, Canad, J. Res,, 1948, 26 C, 188, using his fluorescent microscope 
technique found between i and 8-6x 10* per gm. soil. 

Mkrobiol., 1952, 6, 261. For a comparison with the Muguga (Kenya) soils sec 
J. Meiklejohn, J, Soil Sci., 1957, 8, 240, who found the ratio varied from 4 to 80. 
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The reasons why the plate count gives numbers of bacteria so much 
too low have not been analysed out in detail, with the consequence that 
there is no logical justification for concluding that the bacteria isolated 
from the soil on nutrient media are representative of the soil bacteria 
as a whole. It is, in fact, commonly assumed that they are, and that 
the cause of the discrepancy lies more in the other factors already 
mentioned than in the inability of a substantial majority of the bacteria 
to. grow on any of the less selective media used, but this possibility 
cannot yet be ruled out. 

TABLE 34 

Bacterial Numbers in Rothamsted Field Soils 


Manuring 

pH 

Numbers ; 

per gm. 

Ratio: 

total 

Total cell count 
(direct method) 

Plate count 

! 

count to 
plate 
count 

Barnfield 

Plot (Arable, Mangolds) 

1-0 Farmyard manure 

7-6 

3 . 733 . 000,000 

1 

28,860,000 

129 

4-A Complete minerals + 
ammonium sulphate 

7-2 

1.766.000.000 

15,100,000 

117 

8-0 No manure 

80 

1,005,000.000 

7,550,000 

133 

Park Grass 

13 Farmyard manure 

4-6 1 

2,395.000,000 

2,250,000 

1064 

ll-l Complete minerals + 
ammonium sulphate 

3-8 

2.403,000,000 

1.350,000 

1780 

12 No manure 

5-6 

3.041,000,000 

7.500,000 

405 


The figures given in Table 34 can be used to estimate the weight of 
the bacteria in an acre of soil. The typical soil bacteria are very small. 
Their mean volume is not known, but is probably between 0-5-0-2 (x® 
or o-5-0’2 10-*® c.cm.,* so if there are three thousand million bacteria 
per gm. of soil, they will weigh between i '5 and o-6 mgm. per gm. of soil 
or, assuming they average this number throughout the top 6 inches of 
soil and the top 6 inches of soil weighs about 1,000 tons per acre, the 
bacteria will weigh between 1-5 and o-6 tons per acre live weight or say 
between 650 and 250 lb. dry weight. This soil would probably contain 
about 3 per cent of organic matter by dry weight, so that there would 
be about 30 tons of dry organic matter per acre of soil, of which the 
bacteria would only constitute less than i per cent. The assumed 
volume of a soil bacteria may have been under-estimated, so it is 

1 See, for example, I. V. Tiurin, Pedology, 194C, 1 1. 
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possible that the bacteria may constitute somewhat more than this 
I per cent of organic matter. 

THE TYPES OF SOIL BACTERIA 

The prime difficulty in the classification of the soil bacteria can now 
be appreciated. The only certain way the bacteria can be classified is 
by their behaviour on different nutrient media, but it is possible that 
the majority of the types of bacteria present in the soil have never yet 
been grown on any medium. And in all the discussions of bacterial 
classification which involve platings this limitation must be remei[nbered. 

The soil bacteria can be classified by their nutritional requiiiements. 
The division between autotrophs and heterotrophs has already been 
mentioned (p. 138). The heterotrophs can be classified according to 
the complexity of their nutritional requirements, as has been attempted 
by Lochhead and his co-workers.^ They isolate soil bacteria bn as 
non-selective a medium as possible, and then test the proportion that 
can grow on media of increasing simpUcily. Thus they have suggested 
seven groups as follows: 

1. Those growing in a simple glucose-nitrate medium containing 
mineral salts. 

2. Those that can only grow when ten amino acids are addbd to 
this medium. 

3. Those that can only grow when cysteine and seven growth factors 
(aneurin, biotin, etc.) are added. 

4. Those needing both the amino acids and the growth factors. 

5. Those needing yeast extract. 

6. Those needing soil extract. 

7. Those needing both yeast and soil extract. 

They found that fertile soils contain a greater proportion of bacteria 
with complex requirements, i.e. belonging to groups 5, 6 and 7, than 
infertile; that the soil extract from a fertile soil has a greater growth pro- 
moting power than from an infertile; and that the bacteria in the im- 
mediate vicinity of plant roots fall more into groups 2, 3 and 4, than 
into the more complex groups.^ H. Katznelsoh and F. E. Chase® found 
that adding generous dressings of farmyard manure to a soil increased 
the proportion of bacteria having complex growth requirements at the 
expense of those having very simple ones, and V. Garcia, working with 
soils from some of the Rothamsted plots, confirmed this result and found 
that soils which had large dressings of fertilisers had the same distribu- 
tion of bacterial types as the unmanured. 

* A. G. lochhead and F. E. Chase, Soil Sri., 1943, 55, 185. 

® P. M. West and A. G. Lochhead, Caiiad. J. Uei., 1940, zS 'C, 129. Sec alio H, Katznclson 
and L. T. Richardson, ibid., 1943, ai C, 249. » Soil Sci., 1944, 58, 473. 
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This classification can, however, be criticised on two grounds. First, 
as the various growth factors in yeast and soil extract arc recognised, 
some may be simple substances that should be included in the simpler 
media. Thus A. G. Lochhead and R. H. Thexton* subsequently 
showed that vitamin B12 is an important constituent in some soil 
extract media, and there is no fundamental reason why this should not 
have been included in the growth factor mixture used for groups 3 
and 4. Secondly, it can be criticised on the grounds that it measures 
properties connected with the environment of the soil, rather than with 
the inherent properties of the bacterial population, for some bacteria 
which appear to have complex growth requirements can be trained to 
produce the enzymes necessary to make for themselves some at least 
of these requirements. 

The morphological classification of soil bacteria is also difficult, as 
some groups can have several forms. A usual classification for the soil 
bacteria has been into six groups: 

1. Small cocci, usually about 0-5 in diameter. 

2. Short straight rods, about 0-5 in diameter and 1-3 p long; the 
shorter often being called coccoid rods. 

3. Short curved rods — the Vibrios. 

4. Long rods. 

5. Rods sometimes showing branching. 

6. Thin flexible rods, with very thin cell walls, usually under 0*5 p 
in diameter and 2-10 p long. 

There also appear to be some very small bacteria in the soil, existing 
as cocci or coccoid rods with diameters down to 0-15 p, but some of 
these may be stages in the life of larger bacteria.® Groups 4 and 5 are 
usually Gram-positive bacteria, and are at the present time assigned 
to the Proactinomycetes, now called Nocardia and classified with the 
actinomycetes, and to the Coryncbacteria and Mycobacteria, which 
are groups of organisms now considered to be intermediate between 
true bacteria and actinomycetes;® group 6 are Gram-negative and 
include the soil Cytophaga and Spoibcytophaga groups and any other 
Myxobacteria present. This classification is of only limited value, unless 
its limitations are clearly recognised, for many organisms classified in 
groups 4, 5 and 6 also exist as cocci and small rods; and many will, in 
fact, take this form when growing in conditions of limited food supply 
such as exist in normal soils. Under these conditions they will be in- 
distinguishable visually from members of groups i and 2, with the 

^Mature, 1951, 167, 1034. 

“See P. P. I^dlaw and W. J. Elford, Proc. Rof. Soc., 1936, lao B, aga, for a posable 
example of small soil bacteria m sewage. 

* Bergey’s Manual of Determinative Bacteriology, 5th cd., Baltimore, 1948. 
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consequence that many of the short and coccoid rods seen in the soil 
either on Cholodny slides or by direct microscopic observation will 
appear as members of groups 4, 5 and 6 when grown on plates. Further, 
many of the long rods will only show branching if grown under special 
culture conditions, so that no one medium can pick out all the bacteria 
having this property. 

There is no necessary correlation between these two methods of 
classification; thus bacteria existing as short rods may be found in all 
the nutrition groups. This is an example of the general statement 
already made for the microflora that the loss of power to synthesise 
essential growth substances has little correlation with systematic 
classification. 

Direct observation of the bacterial flora in soils shows up the over- 
whelming predominance of short and coccoid rods in most soils, though 
cocci, which may principally be actinomycete spores, predominate in a 
few. Clumps of cocci or coccoid rods can sometimes be seen embedded 
in slime and some of the organisms are surrounded by gummy capsules. 
Large rods are relatively rare and occur either in chains or singly. 
Large cocci sometimes occur, commonly in groups of two, three or 
four together in a colony. Plate VII shows typical bacterial colonies of 
these kinds. 

The plating technique, particularly if a nutrient-poor non-selective 
medium is used, picks out, as Conn showed several years ago, many 
small slow-growing short rods. C. B. Taylor and A. G. Lochhead,^ for 
example, found about 90 per cent of all the bacteria picked out were 
short rods, which Lochhead^ and L. E. Topping^ consider to belong 
mainly to the Coryncbacteria, Mycobacteria and Nocardia, though 
H. J. Conn and I. Dimmick^ consider that the first two differ too much 
from the pathogens of these names and suggest they be put in a new 
genus Arthrobacter. Conn considers there is a second main group of these 
bacteria related to legume nodule bacteria,® and he suggests these be 
put into a second new genus Agrobacter,^ This would include the 
common soil species that has been called Achromobacter radiobacter as 
well as Phytomonas tumifaciens^ a common soil bacteria that can produce 
crown galls on the roots of some plants. Many of the common strains 
are characterised by great variability of morphology, depending on 
the nutrient medium in which they are growing; by their ability to 
grow on a very wide range of nutrients, although many need traces of 

' Canad. J. Res., 1938, 16 C, 1G2. 

* Proc. 3rd Int. Cong. Microbiol., New York, 1030, 686. 

I 1937, 97, 289; 1938, 98, 193. 

J. Bact.j 1947, 54, 291. H. L. Jensen (Ann. Rev. Microbiol. 1952, 6, 77) gives reasons why 
he docs not accept this. > / / / 

^Bact. Rev., 1948, 12, 257. 


• J. BacU, 1942, 44, 353* 
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yeast or soil extract for growth; and by low metabolic activity, that is, 
they develop best when they are growing slowly in media only con- 
taining low concentrations of nutrients. Under these conditions 
H. J. Conn and M. A. Darrow^ showed that they are extremely efficient 
users of sugars, utilising about 50 to 60 per cent for CO2 production, 
25 to 30 per cent for building into their body tissue, and excreting only 
about 15 per cent, and also that they build into their protoplasm about 
70 to 80 per cent of the nitrogen they consume. 

S. Winogradsky,® using his direct microscopic method of observing 
the soil bacteria, suggested the name autochthonous, that is, indigenous, 
for this common microflora of short and coccoid rods. He considered 
that this population characterises soils containing no easily fermentable 
material, and he pictured it feeding on the soil humus. Conn and 
Lochhead have developed this idea by showing that many members of 
this population are characterised by low biochemical activity, some 
having very complex nutritional requirements, and others great 
adaptability. 

Winogradsky contrasted this autochthonous population with the 
dormant zymogenous group that springs into prominence whenever 
fermentable material is added to the soil, but which sinks down again 
as soon as it is exhausted. He pictured this population as composed of 
long rods and spore-formers. The existence of this separate population 
is, however, doubtful. Taylor and Lochhead® found that the addition 
of 15 tons per acre of farmyard manure did not change the types of 
bacteria in the soil, but only increased their number, and Cutler and 
Crump^ found that Plot 2 on Broadbalk Field at Rothamsted, which 
has had a dressing of 14 tons of farmyard manure per acre most years 
since 1843, carried the same dominant bacterial species as Plot 3, 
which has been unmanured all this time. Cutler and Crump, in their 
very detailed studies, were able to show, however, that different fields 
carried different predominant populations; thus, Broadbalk Field, 
which carries a wheat crop nearly every year, has a different population 
from Barnfield, which carries mangolds annually, suggesting that the 
crop has a greater influence than the manure on the population. 

There are also bacteria in the soil that feed on some of the common 
species of soil bacteria. They do this by excreting a substance that dis- 
solves, or lyses, the bacterial membrane that encloses the living proto- 
plasm, and then absorbing the liquid cell contents.® These bacteria be- 
long to the Myxobacteria, or slime bacteria. They were originally 


1 Sta Sci., 1935, 39, 95. ■C.R., 1924, 178, 1236. 

* Cmad. J. Res., 1938, 16 C, 162. 

* Private communication from Miss L. M, Crump. 

•See, for example, J. M. Beebe, Iowa Su ColL, J, Sci.^ 1941, 15, 307,3 19; and A. E. 
Oxford and B. N. Singh, Nature^ 1946, 158, 745. 
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considered to feed on animal dungs, as that was the only food on which 
they could be made to grow and form the characteristic fruiting bodies 
by which they are recognised, but it is now known that their food is either 
living or dead bacterial cells and possibly other micro-organisms. 
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Fig. 14. Total cell and plate counts of bacteria from two-hourly samples of fallow garden 

plot soil. 

Note . — In the curves shown here, the dots and crosses represent numbers found in duplicate 
K samples; all curves show mean values. 

Although many species are known, soils only seem to contain very few. 
Thus, B. N. Singy only found three species commonly present and a 
fourth more rarely. He found them in all the British arable soils and in 
about two-thirds of the pasture soils he examined, and in the single 
soil in which he tried to count them there were between 2,000 and 
80,000 per gm. 



* J. Gen. Microbiol,, 1947, i, i. 
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These higher predaceous bacteria are not the only members of the 
Myxobacteria present in the soil, as many of the cellulose and chitin* 
decomposers, such as the Sporocyfophagas and the Cytophagas, belong to 
this group,® but it has not yet been conclusively shown that they can 
ever form the characteristic fruiting bodies of the predaceous species. 

THE FLUCTUATIONS IN THE NUMBER OF SOIL BACTERIA 

The numbers of bacteria in the soil are never stationary. D. W. 
Cutler, L. M. Crump and H. Sandon,® as long ago as 1920-1, showed 
the numbers counted by their plating technique fluctuated from day 
to day during the course of the year, and C. B. Taylor* showed these 
fluctuations occurred from hour to hour, whether they were counted 
by Thornton and Gray’s total cell count method, or were counted on 
mannite or soil extract plates. He found that the fluctuations in 
numbers determined by these three methods were uncorrelated, as is 
shown in Fig. 14,® where the plate count was made on soil extract agar, 
suggesting that the fluctuation in total numbers is made up of a series 
of fluctuations occurring independently in different groups of bacteria. 

The causes of these variations are not known, though presumably 
they are related in part to the protozoal activity in the soil. Further, 
Taylor has shown that these variations occur even if the soils are kept at 
T constant temperature and moisture content. 

Bacteriophages® 

Some groups of bacteria can be attacked by bacteriophages, which 
appear to be bodies similar to plant and animal viruses. Their typical 
form of attack is to cause a sudden lysis, or dissolving, of the outer 
bacterial membrane, which allows the contents of the bacterial cell to 
diffuse into the liquid medium. In this property, bacteriophages re- 
semble the bacteriocidal substances excreted by other micro-organisms. 
Where the phages differ from these substances is that they multiply 
in the living cell before lysis, and in fact the only way they can be 
multiplied is by growing them on susceptible strains of bacteria. It has 
also been clsumed that some phages can grow in bacteria without lysing 
them, that is, they appear to be w'cll-adjusted parasites. 

Phages have been recognised attacking species of bacteria belonging 
to all the main widely distributed groups, and also some species of 

* For a review of this subject, sec R. Y. Stanicr, BacU Rev,f 194a, 6, 143. 

* R. Y. Stanicr, J. BacL, 1947, 53, 397. ® PhiL Trans,, 1932, 21 1 B, 317. 

* Proc, Roy. Soc,, 1936, ng B, 269. 

* Taken from H. G. Thornton and C. B. Taylor, Trans, srd JnL Cong. Soil Scu, Oxford, 
I935»i, 175.. 

* For a review, sec M. Delbrilck, Adv. EnzymoL, 1942, 2, i, from which the substance of this 
account is taken. 
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actinomycetes, but it is still doubtful whether any have been found 
attacking fungi. The phages of greatest practical interest from the 
point of view of crop growth are those attacking the nodule bacteria, 
but very little is yet known about their distribution in nature, nor 
even how often they are of any importance in causing ‘"clover sickness” 
or a reduction in the nitrogen-fixing ability or number of nodule 
bacteria in soil (see p. 342). 

Actinomycetes j 

These organisms form a transition between the bacteria and the 
fungi, and on the bacterial side there is a series of organisms ranging 
in form from true bacteria, through the Mycobacteria and the Nbcardia 
to true actinomycetes, the soil forms of which are now classified \^in the 
genera Strep tomyces and Micromonospora;^ and it is probable that 
there is this same continuity between actinomycetes and simple 
filamentous fungi. Further, in the soil some actinomycete filaments look 
like fungal mycelia and some of their spores like bacteria, though their 
spores typically differ from bacterial by having a waxy surface that 
does not readily v/et. Thus, when a soil suspension is being made, 
many of them will float on the surface of the suspension, thus prevent- 
ing any accurate count of their numbers by the usual dilution 
techniques. 

Actinomycetes form very fine, often much-branched, hyphae when 
growing, and these hyphae may break up into spores, cither by the tip 
of the hypha producing one or two spores or else by a length of hypha, 
often a length of hypha twisted into a coil, breaking up into a line of 
spores. In the soil these characteristic hyphal coils are only produced 
if they have free access to air, so that they are typically produced in the 
surface pores of a moist soil which are shaded from the direct sun.^ 
The actinomycetes in the soil may also be responsible for the character- 
istic smell of newly ploughed land, for when they are sporing in pure 
cultures, they give off odours that vary from earthy to musty. 

The soil actinomycetes are nutritionally a very adaptable group; 
they are probably without exception heterotrophic, and can use a wide 
range of carbon and nitrogen compounds, such as celluloses, hemi- 
celluloses, proteins and possibly lignin.^ They do not seem to need any 
growth-promoting substances. Only a few actinomycetes are parasitic 
on plants and then usually on their roots. 

The activity of actinomycetes in a soil cannot yet be determined. 

^ S. A. Waksman and A. T. Henrici, J. Bad., 1943, 46, 337; and D. Erikson, Ann. Rev, 
MicroboiL, 1949, 3, 23. 

Erikson, J. Gen. Microbiol., 1947, i, 45. 

• S. A. Waksman, Antonie van Leeuwmh., 1947, 12, 49. 
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Direct methods of observation, such as those of Jones and Mollison, 
should be able to be used to give estimates of the length of actinomycete 
hyphae in soils, in so far as they can be distinguished from fungal 
hyphae. H. L. Jensen^ has, however, made estimates of their relative 
activities in different soils by assuming it is proportional to the density 
of their hyphae on Cholodny slides buried in the soil. Actinomycetes, 
however, often develop extensively on plates used to count the number 
of bacteria in the soil, but these probably usually develop from spores. 
As already mentioned, since actinomycete spores are waxy and difficult 
to wet, the plating technique usually seriously under-estimates the 
number present in the soil. 

Soil actinomycetes are typically aerobic organisms and, like the 
fungi, are commoner in dry than wet soils. They are also commoner 
in warm than cool soils; thus Jensen found that they can be the domi- 
nant members of the microflora at temperatures around 28° C. if the 
water supply is restricted, and many of them can thrive in the aerated 
parts of a compost heap even when the temperature reaches 60° to 
65° C. They also appear to be very active under pastures, and may 
be the dominant micro-organisms in the surface layers of grassland 
in this country if the soil is not too acid. 

Fungi 

The fungi form the third of the three great groups of the soil micro- 
flora, and whether they, the actinomycetes or the bacteria predominate 
in a soil depends on local conditions. Soil fungi in most normal arable 
soils are too small to be seen either with the naked eye or with a 
magnifying glass, although they can often be seen growing on the 
surface of dead leaves and other plant debris. Fungal filaments can 
sometimes be seen in arable soils using Kubiena’s microscope tech- 
nique, and they often appear on Cholodny slides buried in the soil. 
Jones and Mollison were also able to see fungal mycelia in normal 
arable soils, using their direct staining technique, but considered that 
much of the mycelium was either tiead or inactive. They found more 
pieces of mycelium than spores, though there may be more spores than 
active pieces of mycelium. Jones has also observed that as fungal 
mycelium grows, the active dark staining part of the fungus keeps in 
the vicinity of the growing points and leaves light staining and pre- 
sumably fairly empty pieces of mycelium behind. Fungi are cer tainl y 
predominant in some raw humus or mor soils,® where some are usually 
visible to the naked eye, and they may constitute an important part of 

‘ Proc. Lorn. Soc, NS.W., 1943, 68, 67. 

*L. G. Romell, Cornell Agrie, Expt. Sta., Mem. 170, 1935. 
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the xymogenous microflora^ of normal agricultural soils, but the 
extent of their contribution to the autochthonous flora of these soils is 
still debatable. 

The soil fungi mainly belong to the group that form filaments or 
mycelia, with the exception of some organisms belonging to the 
Myxomycetes or slime fungi, and a few yeast-like organisms. They 
belong to the Phycomycetes, which have branched unseptate mycelia, 
and to either the Moniliaceae, a group of Fungi Imperfecti, or, where 
the perfect form is known, to a related group in the Ascomycetes, which 
have branched septate mycelia. Basidiomycetes certainly occur in 
some soils, particularly forest and grassland soils, though whether they 
are present in appreciable numbers in old arable soils is unqertain. 
The soil Phycomycetes mainly belong to the Saprolegniales, to the 
genus Pyihium and to the Mucoraceae, including the genera Mucor^ 
Rhizoptis and "^he soil Moniliaceae belong mainly to the 

genera Trichoderma^ Aspergillus^ Penicillium, Cephalosporium and Fusarium.^ 
The soil Basidiomycetes belong to the Hymenomycetes, or mushroom- 
like, and the Gasteromycetes, or puffball-like fungi; and are of most 
importance in forest soils, where they include many species which can 
attack lignin strongly, and others which form mycorrhiza on tree roots 
(see p. 232). Basidiomycetes are also responsible for the “fairy rings” 
of old pasture, and naturally include the field mushroom Psalliota 
campestris often found growing in pastures. In addition there are fungi 
which can catch and feed on nematodes, mainly belonging to the 
Hyphomycetes, of which the species Arthrobotrys oligospora appears to 
be the most common,^ and others which feed on amoebae, mainly be- 
longing to the Phycomycetes and put in the family Zoopagaceae, 
though some of the former feed on amoeba and other protozoa and 
some of the latter on nematodes.^ 

There are still, however, considerable difficulties in isolating, identify- 
ing and counting soil fungi, partly because they can be present either 
as spores or bits of mycelium and the former can usually be isolated and 
grown on artificial media more easily. Many bits of mycelium can be 
seen in soils, and with suitable techniques some can be isolated from 
the bulk of the soil micro-organisms and transferred to culture media,® 

^ W. Kuhicna and G. E. Rcnn, Bakt, II, 1935, 91 , 267, and H. L. Jensen, Proc, Linn, 
Soc,t N.S,W,, 1934, 59, 200. 

® For a description of typical soil fungi, sec J. C. Gilman and E. V. Abbott, Iowa St, Coll, 
J. iS’ct., 1927, 1, 225, J. C. Gilman, A Manual of Soil Fungi^ Ames, 1945, and A. Niethammcr, 
Die Mikroskopischen Bodenpilze^ The Hague, 1937. 

® C. L. Duddington, Nature^ 1954j 173 , 500. He finds the second most common is an 
unidentifiable mycelium, which presumably does not belong to either of Drechsler’s two 
groups. 

^ Hrechsler, Biol. Rev., 1941, 16, 265, and for a list of common English species, sec C. L. 
Duddington, Nature, 1954, 173, 500. 

* J, H. Warcup, Nature, 1955, 175, 953. 
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and some can be made to grow out of soil crumbs on to agar plates 
from which again they can be transferred on to culture media.^ It is 
unlikely that all pieces of mycelium can be isolated from soils in this 
way, as some are confined to pieces of decaying plant or animal re- 
mains, and some either will not grow on the culture media used or will 
not form fruiting bodies so cannot be identified. But these techniques 
have shown that a number of fungi are more common inhabitants of 
the soil than had previously been supposed, and in particular species 
of Rhizoclonia and some Basidiomycetes appear to be much more 
widespread.® 

There are not yet any reliable methods available for estimating 
quantitatively the activity of the soil fungi as measured, for example, 
by their contribution to the oxygen uptake by the soil, or the carbon 
dioxide production in it; though qualitative observations indicate that 
it is greatest shortly after fresh organic matter has been incorporated. 
The older work on fungal numbers and activity was based on count- 
ing fungal colonies on plates, in the same way that bacterial numbers 
are counted. By making conditions in the plates unsuitable for bacteria, 
by making the medium acid for example, and by preventing any of the 
fungi from growing quickly, by adding rose bengal and streptomycin 
for example,® it is possible to get a considerable proportion of the spores 
or pieces of mycelium to grow; and the numbers counted vary from a 
few thousands to over a million per gram of soil. 

The soil fungi are probably all heterotrophic, but the species present 
have a wide range of food requirements, ranging from those which can 
utilise simple carbohydrates, alcohols and organic acids, and nitrates 
or ammonia as their source of nitrogen, through those which can use 
celluloses and lignins, and those which require either growth factors, 
such as members of the B group of vitamins, to those which can only 
grow in competition with the general soil population as parasites of 
living plant roots and parasites and predators of living soil animals. 
Nearly all soil fungi need to be supplied with either inorganic nitrogen 
salts or organic nitrogen compounds, though some yeasts, a Saccharomyces 
and a Rhodotorula, which are mainly sub-soil inhabitants, can fiix 
atmospheric nitrogen.* 

The saprophytic fungi can be very efficient converters of food into 
microbial tissues; some can synthesise 30 to 50 per cent of the carbon 


‘ J. H. Warcup, Atm. Bot., 1951, 15, 305; Trans. Brit. Mycol. Sac., 1957, 40, 237; 1959. 42, 
45; and R. H. TTiornton, Research, 1952, 5, 190. See C. G. C. Chesters' and R. H. Thornton, 
Trans. Brit. Mycol. Soc., 1956, 39, for a discussion on the various method available. 

“ C. G. C. ChMters, Trans. Brit. Mycol. Soc., 1949, 3a, 197. J. H. Warcup, ^ratuTe, 1955, 
*75>.953; tSS’. *S> ps; R. H. Thornton, Mature, 1956, 177, 230, and with J. D. 


841, and £, R, Roberts and T. G. G. 



Wilson, ibid., 842. 
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in the food into their cell substance/ which is higher than the corre- 
sponding figure for most bacteria when growing in the presence of an 
abundant food supply, though possibly not so much higher than for the 
autochthonous flora (see p. 15 1). This high efficiency of conversion 
has the corollary that rapidly growing fungi make very high demands 
on the available nitrogen of the soil, much of which is subsequently 
only slowly released in a form available to plants. Some of these fungi 
synthesise humic-like substances or their precursors, and they may 
contribute appreciably to the humic matter in the soil. i 

The filamentous fungi generally need aerobic conditions to flourish, 
though they do not need aerobic conditions all along their filaments: 
they are capable of sending filaments into poorly aerated pockets of 
soil, but only if much of the filaments are growing in well-aerated condi- 
tions, and only these well-aerated parts ever produce spores. Species 
differ amongst themselves, however, in their tolerance to poor aeration. 
Thus P, Burges and E. Fenton^ found that Penicillium nigricans^ a fungus 
usually restricted to the upper 5 cm. of the surface soil, is less tolerant of 
a high CO2 concentration than vuillemini^ a species which 

is usually more abundant below 10 cm. But typically fungi are more 
common near the surface of the soil than lower down, and H. L. Jensen,^ 
in Denmark, found them more common on light well-aerated soils than 
in heavier, as shown in Table 35. They can tolerate a wide pH range, 
though typically they flourish under acid conditions such as occur in 
heaths and forests,^ probably because few bacteria are really active in 
such acid soils. 

S, D. Garrett^ has developed an ecological classification of the soil 
fungi based on the principal food supply they use in the highly com- 
petitive environment of the soil. The true saprophytes range from the 
“sugar” fungi, which can only use relatively simple and easily decom- 
posable organic matter, but not cellulose or lignins, through the 
cellulose decomposers to the lignin decomposers. There are two other 
important groups in the soil: the specialised root-inhabiting fungi, 
which will be discussed further in Chapter XIII, and the fungi which 
are predaceous either on other fungi® or on other members of the soil 
population, including the soil fauna. 

The sugar fungi are typically Phycomycetes, and since there are a 
very large number of different organisms in the soil which can use the 
same simple organic compounds for food, they must be adapted to 

^ S. A. Waksman, Principles of Soil Microbiology, 2nd ed,, London, 193 1, p. 244. 

^ 'Irans. Brit. Mycol. Soc.. '*6, 104. 

^SoilScu, 1931,31, 123. 

*H. L. Jensen, J. Agnc, Sci., 1931, 21, 38; J. H. Warcup, Trans, Brit, Mycol, Soc,, 1951# 
34 , 376, and S. L. Jansson and F. E. Clark, Proc. Soil Sci, Soc, Amer,, 1952, 16, 330. 

^ New PhytoL, 1951, 50, 149. 

•For a review, see J. E. de Vay, Ann, Rev. Microbiol., 1956, 10, 115. 
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jxploit these food supplies ahead of their competitors. Their primary 
source of food is injured, moribund or recently dead plant tissues. They 
ire widely distributed through the soil typically as spores though some- 
times as pieces of sterile (but viable) mycelium; the spores germinate 
immediately a suitable food source comes near, and the hyphae or 
tnycelia grow very rapidly, so dominating the population there before 
other organisms have begun to multiply. In addition many of them 
produce antibiotics, and the growth of their hyphae is often only 
prevented by a relatively high antibiotic concentration. 

TABLE 35 

Effect of CaCOs on Numbers of Fungi, Actinomycetes and Bacteria 
in Soils as found by Plating Methods 


Number per gram of soil 



The cellulose decomposing fungi, which mainly belong to the 
Ascomycetes, Fungi Imperfect! and Basidiomycctcs, come intermediate 
between the sugar and the lignin fungi in their rate of growth. Many 
of them are widely distributed throughout the soil as spores, and many 
of them, like many of the sugar fungi, can be made copious producers of 
antibiotics. It is also possible that a number of them are relatively 
tolerant of antibiotics, in that a higher concentration is needed to reduce 
their growth rates than for the othc® groups of fungi. 

The lignin fungi are species of the higher Basidiomycetes and are 
characterised by very slow growth rates. Slow growing is not an 
ecological disadvantage for them because there is little competition 
for their food supplies as no other organisms arc known to decompose 
lignins in lignin-rich material. They decompose lignins more easily if 
there is a reasonably high cellulose content associated with the lignins 
which is not too readily accessible to other micro-organisms. Once 
established the fungus seeks new sources of food by sending out thick 
mycelial strands or rhizomorphs into the soil, apparently to allow the 
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point on the strand at which it begins its attack on another piece of 
lignified material, usually the apex, to be relatively well supplied with 
food; for the fungus appears to expend considerable energy in initiating 
the decomposition of such material. Garrett himself illustrates this by the 
crude analogy that one cannot start a coke fire with paper and matches 
only. This behaviour is also shown by the higher Basidiomycetes which 
are specialised root-inhabiting parasitic fungi of tree roots, for their 
rhizomorphs also can usually only gain entry to a root if they arise from 
a root which is already heavily attacked (see p. 230). The tydical field 
conditions in which these fungi are dominant are the surface litter of 
forest soils and the mat in old turf soils. In these sites the decomposition 
of litter is sufficiently slow for there to be time for it to be reasonably 
uniformly distributed throughout the soil surface layer, and mycelial 
migration from one food source to another can take place ov^ short 
distances. Typically these Basidiomycetes do not produce antibiotics;^ 
nor can their mycelia grow in regions where other fungi, such as 
Trichoderma liride, are producing them (see p. 231). 

Algae 

The soil algae are microscopic chlorophyll-containing organisms, and 
belong mainly to the Cyanophyceae (Myxophyceae) or blue-green, the 
Xanthophyceae or yellow-green, the Bacillariaceae or diatoms and the 
Chlorophyceae or green algae. The soil forms typically comprise smaller 
and simpler species than the aquatic forms, and consist either of species 
which only occur as small organisms or of dwarfed forms of species 
that can occur as large organisms.^ The morphology of the soil forms 
is also simple: they occur either as simple unicellular organisms or 
simple filaments or colonics. Many of the soil algae have their cell 
walls covered with a thick layer of a gummy substance; whilst the cell 
walls of most diatoms are partially silicified. 

The soil algae are found not only on the surface and just under the 
surface, where sunlight or diffused light may be able to penetrate, but 
also several inches below the surface where no light can penetrate. 
The surface and immediate sub-surface forms presumably function as 
green plants, converting the carbon dioxide of the air into their proto- 
plasm and taking up nitrates or ammonia from the soil. What activity 
those in the dark can display is still undecided. The earlier workers, 
such as B. M, Bristol Roach, ^ considered that the algae grew hetero- 
trophically below the soil surface, and she found on arable land that 

^ P. W . Brian, Bat. 1931 , 17, 35^7^ gives examples of some which do and J. H. Warcup, 
Am. Boi., ? 9f)i , 15, 305, of some which probably do. 

* Sec J. \y. Ci. J.und, New PhytoL, 1945, 44, 19C, and 1946, 45, 56, for a recent discussion 
on the validity and interpretation ot this generalisation for the diatoms; he gives the references 
to the earlier work on which it was based. » J. Agric. Hci., 1927, 17, 563. 
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here were often more algae at a depth of 4 inches than at the surface. 
The common soil algae can certainly grow in the dark on a medium 
containing sugars, but it is very doubtful how far the algae could 
compete with the bacteria or fungi for such readily assimilable com- 
pounds which are nearly always in extremely short supply. J, L. 
Stokes^ showed in some laboratory experiments that adding such sub- 
stances as sugars, lucerne meal, straw or manure to a soil, and in- 
cubating in the dark, increased the numbers of bacteria very consider- 
ably, but had little effect on the numbers of algae. Y. T. Tchan and 
J. A. Whitehouse,® using fluorescent-microscopy technique, found that 
algae only appeared to multiply in the top few millimetres of the soil 
surface under natural conditions, and those cells found lower down 
were probably washed down from the surface, or as suggested by F. E. 
Fritsch several years earlier, carried down by the soil fauna or by tillage 
operations. 

The relative importance of the different groups of algae in different 
soils has not yet been worked out. It seems to be generally true that 
in temperate soils green algae and diatoms are probably about equally 
common and the blue-green less common, though the relative differ- 
ences between the blue-green and the rest may be larger in infertile 
than in fertile soils.^ In many tropical soils, however, the blue-green 
appear to be the dominant algal group. 

Algae develop most readily in damp soils exposed to the sun, hence 
usually have their maximum development in spring and autumn when 
the soil is damp, the sun not too hot and other vegetation rather dying 
down. They develop most freely on fertile soils well supplied with 
bases, available phosphates and nitrates, and tend to be sparse on light, 
infertile, acid soils,* Bristol Roach at Rothamsted found that generous 
dressings of farmyard manure increased their number compared with 
unmanured soil, though Stokes in New Jersey found that farmyard 
manure had a depressing effect on algal numbers. The explanation 
of the difference between the two centres may be due to the much 
greater degree of nitrogen starvation on the Rothamsted than on the 
New Jersey control soil, so that the*algae on the Rothamsted manured 
soil may only have been responding to the available nitrogen in the 
manure. Lund® has also found that tlie green algae form the dominant 
group of algae in acid soils, but as the soils become more neutral the 
blue-green algae and the diatoms become relatively as important, and 
on fertile soils the blue-green may be the dominant group. 

The numbers of algae occurring in a gram of soil vary widely 

^Soil Sci, 1940, 49, 171* *Proc. Linn. Soc. N.S.W., 1953, 78, 160. 

* E. W. Fenton, Trans. Bot. Soc. Edinburgh, 1943, 33, 407. 

* J. W. G. Lund, New PhytoL, 1945, 44, 196, and 1946, 45, 56. 

^ New Phytol., 1947, 46, 35. 
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according to conditions. Both Bristol Roach and Stokes record numbers 
up to 100,000 or i2oo,ooo, though up to 800,000 per gm. have been 
reported in some Utah^ and Hungarian^ soils and up to 3,000,000 in 
some Danish soils.® One can make a rough estimate of the volume of 
this algal protoplasm as it is a reasonable approximation to take the 
volume of each alga equal to a sphere of 10 p radius, and this gives 
volumes of the order of a few tenths of a cubic millimetre per gram 
of soil. 

The soil algae probably affect plant growth in four ways: thjey may 
add some organic matter to the soil, help bind the soil particles on the 
surface together, improve the aeration of swamp soils and fix atmospheric 
nitrogen. ' 

The amount, and the significance, of the organic matter algae add 
to normal soils is not known, but the part played by this organic matter 
in recolonising burnt or barren land is fundamental. F. E. Fritsch and 
E. J. Salisbury^ found slimy green algae as the primary colonisers of 
burnt-over heathland in England. M. Traub^ found blue-green algae 
were the primary colonisers on the barren mineral layer created by the 
eruption of Krakatoa in 1883; W. E. Booth® found them growing 
actively on bare eroded soil in Oklahoma, and he made the interesting 
additional observation that this algal film over the surface did not reduce 
the infiltration capacity of the soil;’ and N. N. Bolyshev and T. I. 
Evdokimova® found they produced the slippery surface crust or takyr 
on saline lake-bed soils in central Asia. 

Algae may help the aeration of swamp soils by converting the dis- 
solved carbon dioxide in the water to dissolved oxygen. U. BrizP 
observed that brusone disease of marsh rice, which he attributed to 
inadequate aeration, did not appear if algae developed plentifully on 
the surface of the marsh (see also p. 263). Again H. B. Engle and 
J. E, McMurtrey^® have shown that adding green algae to water 
cultures in which tobacco is growing improves the aeration of the 
solution if the culture is kept in the light, resulting not only in an im- 
proved growth of the tobacco plants, but also in an increased immunity 
of their roots to fungal infections. * 

Some of the blue-green algae of the family Nostococcaceae, including 

^ T. L. Martin, Proc. ^id Jnt. Cong. Microbiol., New York, 1940, 697. 

* D. Fcher, Arch. Mikrobiol. 1936, 7, 439. 

y. B. Petersen, Darisk. bol. Archtv., 1935, 8 , Nr. 9. * A''cw PhytoL, 1915, 14 , 1 16. 

Ann. Jard. Bat. Buitenzorg, iHJUi, 7, 221. This has since been somewhat qualified by C. A. 
Barker, '1 he Problem of Krakatoa as seen by a Botanist, The Hajafue, 1930. 

J94>. * 2 . 38. ’ Pfdology, 1944, Nos. 7-8, 345- , 

1 nis observation has been confirmed for the algal crust on desert soils in Arizona by J. 1 ’^* 
Idetcher and W. P. Martin, Ecology, 1948, 29, 95. 

Milan, 190G, 6, 59; 1908, 7, 107; sec also the work of \Y. H. Harrison 
and P. A. S. Aiyer, which is described on p. 262. 

J. Agric. Res., 19,^0, 60 , 487. 
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members of the genera Nostoc, Anabaem, Aulosira and Cylindrosperrmm, 
as well as a few belonging to the families Rivulariaceae, Stigone- 
mataceae and Scytonemataceae^ have been shown to possess the power 
of fixing nitrogen from the atmosphere,® and thus have simpler food 
requirements than any other organisms, since they can obtain both 
their carbon and nitrogen from the air. This power of nitrogen fixation 
is not dependent on light, for these algae can fix nitrogen readily in the 
dark if supplied with sugar, but it is lost if the algae are supplied with 
nitrates, ammonia or asparagine. They need, however, small quanti- 
ties of molybdenum,® and there seems little reason to doubt that the 
enzyme system responsible is similar to that of Azotobacter. Allison 
and Singh found the optimum pH for fixation was on the alkaline side 
of neutrality, from about pH 7 to 8-5, and fixation probably occurred in 
the range pH 6-9. 

These nitrogen-fixing blue-green algae are probably of great impor- 
tance in rice culture. It has always been rather difficult to understand 
how many tropical rice soils can carry rice crops almost indefinitely 
without showing signs of nitrogen starvation. Singh found the algal 
film that developed on paddy rice soils in the United Provinces and in 
Bihar in India was composed of blue-green algae, all of which were 
active nitrogen fixers. He found that his species of Anabaem, which 
came from Indian rice-fields, could excrete over 40 per cent of the 
nitrogen fixed as soluble organic compounds, and although these com- 
pounds may not be immediately assimilable by the rice,^ they are 
probably rapidly rendered so. A. Watanabe® has shown that species 
of Tolypothrix which were very active nitrogen fixers, appreciably im- 
proved the yields of rice, by implication, though not quite by direct 
proof, through increasing the nitrogen supply to the plant. Nitrogen- 
fixing blue-green algae are often the dominant organisms in the algal 
crusts which form on desert soils and these crusts may be high in 
nitrogen.® There is no evidence yet that algae play any significant role 
in enriching the soils of the temperate regions with nitrogen, although 
species belonging to genera containing nitrogen-fixing forms are fairly 
widespread. ' * 

One can summarise our present-day knowledge of the importance 

^ A. Waianabe, S, Nishigaki and G. Konishi, Nature^ 748, and A. E. Williams 

and R. H. Burris, Am. J. Bot., 1952, 39, 340. 

®K. Drewes, II, 1928, 76, 88; F. E. Allison, S. R. Hoover and H. J. Morris, 

BoU Gaz.y i 937 i 9 ^* 433? P- K.. De, Proc. Roy. Soc., 1939, 127 B, 121; G. E. Fogg, J. Expt. 
Biol., 1942, 19, 78; and R. N. Singh, Indian J. Agric. Sci., 1942, 12, 743. 

®H. Bortels, Arch. MikrobioL, 1940, ii, 155. 

* Engle and McMurtrey found that tobacco plants in water culture could not use any 
nitrogen that may have been excreted by a nitrogen-fixing strain of .Nostoc growing in the 
solution. 

* A. Watanabe, S. Nishigaki and C. Konishi, Nature, ig^i, i68, 748. 

* J. E. Fletcher and W. P. Martin, Ecology^ 1948, 29, 95. 
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of algae in the economy of the wU by wying Aat they have been 
shown to be of great importance in colonising bare soil or soil devoid 
of organic watL, but that only the blue-green algae have proved 
agrfcalturfly, and then only m hot chtnates. It b p^bi, 
that they are of prime importance in the cultivation of nee, which is 
grown under water-logged conditions, by supplying the rice roots with 
free oxygen and by fixing atmospheric nitrogen which they can use 
either directly or indirectly; and, since rice forms the staplp diet of 
nearly half the human race, this role is, on a world agricultu^'a! basis, 
by no means negligible. 


Protozoa 

E. J. Russell and H. B. Hutchinson^ were the first to suggest that 
protozoa played an active part in the microbial life of the soil, for they 
assumed that their activity could explain some of the consequences of 
partially sterilising a soil. Since then protozoa have been found in 
soils all over the world, and H. Sandon^ has given detailed lists and 
descriptions of the various species known up to 1927. 

Protozoa are minute animals, and the soil forms consist mainly of 
rhizopods and flagellates, though a few ciliates can usually be found. 
The rhizopods include the amoebae, of which Jsfaegleria gruberi and 
Hartmanella hyalina are typical representatives, and the testaceous 
rhizopods, which are similar organisms, but which have a hard shell 
covering parts of their body, of which Diffliigia and Euglypha are common 
soil genera. The soil amoebae vary enormously in size, the common 
small ones, such as are shown in Plate VII, being from 10 to 40 p, but 
they go up to giant forms several tenths of a millimetre in size. The 
flagellates have one or more flagellae to help them move, and are usually 
small organisms 5 to 20 [x in length. The commonest soil forms arc 
species of Cercomonas, Oicomonas and Heieromita, The ciliates, which have 
many short cilia covering the whole or part of their bodies, are most 
commonly represented by Colpoda cucullus and C. steinii, and are usually 
20 to 80 [X in length. 

The soil protozoa are typically small organisms, considerably smaller 
than the normal protozoal fauna of stagnant water for example, but 
whereas the water forms have a large volume of space in which they 
can move, the soil forms are restricted to moving in the soil pores, and 
then only in those containing some water, for they cannot move in dry 
soil. Furthermore, they can only be active when living in a water film. 
The majority form cysts during their life-cycle, and in this state they 

^ J- •S'4, 1909, 3,yih and 1913, 5, 15a. 

Die Composition and Distribution oj the Protozoan Fauna of the Soil, Edinburgh, 1987. 
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can withstand desiccation, though whether desiccation itself can en« 
courage encystment has not been definitely established. Others can 
apparently go into a state of suspended animation when the soil dries 
out, reviving immediately it becomes damp again. ^ Encystment is a 
definite phase in the life-cycle of some soil amoebae, so that the number 
of active amoebae of these species present in the soil depends on the 
rate of encystment and of hatching. Further, the rate of hatching 
seems to be dependent on the type of bacteria growing in the neigh- 
bourhood of the cysts, presumably because hatching is stimulated by 
products of excretion specific to these groups of bacteria.* 

Protozoa, or protozoa-like organisms, can feed in three ways: some 
possess chlorophyll and are autotrophic, but these are confined to a 
few genera of flagellates such as Euglena; some, again mainly flagellates, 
can feed saprophytically, absorbing nutrients from solution in pui'e 
cultures, but what proportion of these do this in the highly competitive 
environment of the soil is not known; most can feed, and normally only 
feed, by capturing and digesting solid particles such as bacteria. 

Bacteria form the staple food supply of the protozoal population, 
though small algae, yeasts, flagellates and amoebae are also ingested. 
But not all bacteria can serve as food. Amoebae, for example, will eat 
some species of bacteria voraciously, other species only if there is no 
more acceptable source of bacteria available, and other species not at 
all.* Singh has found that these inedible species include practically 
all the bacteria producing red, green, blue or fluorescent pigments so 
far tested, and some of these seem to excrete substances that are 
definitely toxic to the amoebae. Thus, the protozoa must exert a strong 
selective influence on the composition of the bacterial population. 

The effect of protozoa used to be considered entirely harmful to 
bacterial life, it being thought that the protozoa reduced the beneficent 
action of the bacteria in maintaining soil fertility, but it has now been 
established that some bacteria, in pure culture, work more efficiently 
in the presence than in the absence of predaceous protozoa. For 
example, D. W. Cutler and D. V. Bal* showed that Azotobacter fixed 
more nitrogen when mixed with "the ciliate Colpidium colpoda, and 
Table 36, taken from D. W. Cutler and L. M. Crump’s book,® shows 
the influence of amoebae on the rate of oxidation of sugars by bacteria. 
The bacterial efficiency is here defined as the weight of carbon dioxide 
'produced in millionths of a gram by 1,000 million bacteria per 

^J. M. Watson, J^ature, 1943, 152, 694. 

* I am indebted to Miss L. M. Crump for these unpublished observations of hers. 

® P. Frosch, .^6/. Bakt. I, 1897, 21, 926; R. Oehlcr, Arch, Protistenk,, 1916, 37, 175; L. B. 
Severtzova, Z^L Baku II,. 1928, 73, 162; and B. N. Singh, Ann, AppL Biol, 1941, a8, 52. 65; 
1943,29, 18; and 1945, 26, 316. > 3 , D, 

^Ann, AppL Biol, 1926, x8, 516. 

* Problems in Soil Microbiology^ London, 1935. 
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twenty-four hours, when the bacteria and amoebae are growing in an 
aerated solution. 

Protozoa cannot yet be counted directly in the soil. The older 
methods for determining their numbers were based on letting them 
feed on an uncontrolled bacterial population, and the numbers so 

TABLE 36 

Average Efficiencies per \ ,0(X) million Bacteria at Different bacterial 
Densities in the Presence and Absence of Amoebae I 


Density of bacteria 
in miliions per cubic 
centimetre of 

Weight of COg produced in I0-* gm. 
per 1.000 million bacteria in 24 hours 

solution 

Bacteria -h amoebae 

Bacteria alone 

0-100 

732 

, 

100-200 

15-6 

9-3 

200-300 

13-4 

7-9 

300-400 

106 

8-3 

400-500 

10- 1 

3-7 

500-600 

62 

3-5 


determined varied rapidly from day to day, from a few hundred to as 
many hundred thousand, and the proportion encysted from o to loo 
per cent, within twenty-four hours. ^ But it is possible that these large 
fluctuations are spurious and arc due to an unsatisfactory counting 
technique, for B. N. Singh introduced an improved method, based on 
counting the protozoa on a controlled population of an edible bacteria, 
and found very much smaller fluctuations. 

These short-period fluctuations in protozoal numbers make it 
difficult to study the effects of external conditions on the protozoal 
fauna, as only factors having a very large effect on numbers are suffi- 
cient to override them. The effect of season can, however, be demon- 
strated, for at Rothamsted protozoal numbers are higher in spring and 
autumn than in summer or win^/er. On the other hand, protozoal 
numbers do not seem to be very sensitive to changes in the moisture 
content, aeration or of the soil, nor even to the organic matter 
content of the soil, although the bacterial numbers are. Thus, on the 
permanent mangold field (Barnfield) at Rothamsted, B. N. Singh found 
that a plot which had received no manure for nearly ninety years 
contained between 400 and 11,000 active amoebae on nine different 
sampling dates from April 1945 to August 1946; a plot which had 
received many annual dressings of 14 tons of farmyard manure 

See, for example, D. W. Cutler, L. M. Crump and H. Sandon, /V« 7 . Trans,, 1922 , 211 B, 
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contained between 6,000 and 45,000 on these same sampling dates; and 
a plot that had received for many years a heavy dressing of fertiliser 
without any farmyard manure contained between 9,000 and 31,000. 
The organic carbon in the two soils receiving no farmyard manure 
was about o-8 per cent, whilst in the farmyard manure plot it was 
about 2*5 per cent, and the bacterial numbers, which were determined 
by total cell count on only two of these occasions, were between 
5,000 and 8,000 million on the farmyard manure and between 2,000 
and 3,000 million on the other two. A similar example from Broadbalk 
Field at Rothamsted is given in Table 45 on p. 203. 

There must presumably be a relation between the numbers of 
protozoa and of bacteria present in the soil since certain species of 
bacteria are the principal source of food for the protozoa, but this 
subject has received little attention recently, and the results of the older 
work are unreliable as the techniques used for counting were inade- 
quate. Hence no reliable estimates can yet be made of the numbers of 
bacteria that are consumed daily by the protozoal population. 


Amoeboid and Flagellate Stages of Other Organisms 

A number of organisms which look like flagellates and amoebae may 
not be protozoa at all, but a stage in the life-cycle of organisms belong- 
ing to other groups. Using modern techniques, K. B. Raper has 
described in some detail certain species of Acrasieae,^ which have an 
amoeboid stage termed Myxamoebae. During this stage these organ- 
isms live in the soil as amoebae feeding on bacteria, and reproduce by 
simple fission, but at some stage in their life-history they congregate 
together, forming characteristic structures that produce spores, which 
grow into amoebae when conditions for growth become favourable 
again. B. N. Singh^ has shown that British soils only contain two 
species of these organisms, both belonging to the genus Dictyostelium^ 
and he isolated these two from thirty-three out of the thirty-eight 
arable soils, but only from three out of the twenty-nine pasture soils 
he examined. * 

In the same way organisms which are flagellates during part of their 
life-cycle may belong to the algae or fungi. In particular, there are 
species of soil myxomycetes, or slime fungi, that exist as flagellates 
during part of their life-cycle, feed on bacteria and divide by simple 
fission; but at another stage pairs of flagellates will fuse and grow into 
a large multinucleate plasmodium, or mass of naked protoplasm, be- 
having as a large amoeba and continuing to feed on bacteria, yeast, 

> Sec, for example, Amer. J. BoL, 1940, 27, 436, for pictures of these organisms. 

® J. Gen. Microbiol., 1947, i, ii, 361. 
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fungal mycelium and small protozoa. Under certain conditions, not 
yet known, it breaks up into spores which in due course become 
flagellates again. 

There are also large, amoeboid-like organisms in the soil that feed 
on bacteria and small protozoa and are multinucleate like myxomycete 
plasmodia, but that do not appear to give rise to flagellates. T. Gk>odey* 
isolated two species of such multinucleate organisms, which he put in 
the genus Leptomyxa, and B. N. Singh® has recently shown that one of 
these species is widespread in British soils. He isolated it from all the 
arable soils he examined, where it numbered about i,ooo per gram of 
soil, but he only found it present in about one-third of the pasture soils. 

* Arch, Protistenk., 1914, 35, 80. * J. Gen. Microbiol., 1948, 2, 89. 



CHAPTER XI 


THE SOIL FAUNA OTHER THAN PROTOZOA 

The invertebrate fauna of the soil has only recently been studied in 
any detail/ and the reason for its relative neglect compared with 
microbial studies has been partly the difficulty of quantitatively 
isolating the animals from the soil mass, and partly the very great 
problems of their systematic classification when they are separated 
out. Again until recently very little was known about the actual food 
of many members of this population, and even now our knowledge is 
very incomplete largely due to lack of interest in the subject by research 
workers, but again partly to lack of any adequate techniques for study- 
ing what they are feeding on in the soil. But recently several workers 
have developed techniques for fixing and sectioning the soil without 
disturbing its structure,® which allows one to see where the smaller 
members of the population are, which in turn gives a more complete 
picture of the activity of this population than we have had before. 

The size of the soil invertebrate population depends both on the 
food supply and also on the physical condition of the soil. The soil 
invertebrates need a fairly well aerated soil for active growth: they 
cannot thrive in water-logged soils nor in wet soils that have been 
puddled by the trampling of cattle. However, if the soil is fairly open, 
such as the surface of a forest or old pasture soil, and the soil becomes 
|temporarily water-logged by heavy rain or flooding from above, 
jenough air bubbles are likely to be entrapped in the soil pores for the 
mailer animals to survive for considerable periods of time. This en- 
rapping of air bubbles does not take place to anything like the same 
:xtent if the water table rises to the soil surface, and this has a far more 
lerious consequence for the more aerobic members of the population. 
The population is, on the whole, more tolerant of dry conditions, so a 
aige proportion of the animals tend to concentrate in the top 1-2 inches 
)f the soil surface, and in many soils only a few groups, such as the 
sarthwonns, arc common in the next 2-3 inches, 
j The food supply determines the size of the population in normal 
inils, and it consists primarily of dead plant tissue, but it also includes 

‘For an excellent account of our knowledge on this subject up to 1055, see Sail Zooloev. 
j«ndon, 1955, and in particular the papers by W. Kiihnelt, pp. 3 and 39, and D. K 
McE. Kevan, pp. 23 and 452. 

“See, for example, N. Haarlov and T. Weis-Fogh, Oikos, 1953, 4, 44, and SoU Zoology, 
1955 > P- 4 ® 9 ' 
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living plants and the soil microflora. This combination of need for 
good aeration and a very superficial food supply has two important 
consequences. First, it is very difficult to define what is meant by the 
soil animals, for many of them are living in the litter as well as in the 
soil. Second, if the litter is distributed unevenly on the soil, as for 
example in a tussocky pasture or meadow, many of these animals will 
also be very unevenly distributed over the soil surface. In such a pasture 
there are a number of quite different environments in and above the 
soil, each with its characteristic population, so it is misleading to lump 
them all together as if they were a uniform population. It has been 
found, in all the investigations in which the effect has been l^ked for, 
that in fact the animals of a given species are not distributed uniformly 
or at random throughout the soil but always show a tendency to con- 
gregate in some places and be rare in others.^ \ 

The food supply of the invertebrate population is not restticted to 
dead or living plant material, although this is the most important. In 
addition there is a population feeding on the excreta of the primary 
population and another that is feeding on the population itself. 
Animals feeding on dead plant tissues or their associated microflora 
are commonly called saprophagous, on living plants phytophagous, 
on animal excreta coprophagous, and on other animals predaceous. 
The higher and the larger members of the community may use all these 
methods of obtaining their food, though, generally speaking, only 
specialised genera are predaceous on the larger invertebrates. 

The foresters have studied the sources of food more intensively than 
other workers. They have shown that one bit of primary organic matter 
often passes through the gut of several different groups of animals before 
being degraded to resistant humus. Thus A. P. Jacot* showed that the 
process of decomposition of leaf litter or dead plant roots could be as 
follows: first, the more resistant material is softened by fungi, then it is 
eaten by saprophagous animals, particularly mites, which continue 
the decomposition of the plant material, possibly with the aid of a 
microbial population in their gut; and finally the undigested material 
is excreted and forms the food supply for a whole chain of other animals 
until it is converted to resistant humus-like material. In fact, if soils 
poor in earthworms are examined under the microscope® a great part 
of the “humus” present is recognisable as the excreta of soil inverte- 
brates. It is also possible that animals are important producers of 
humus in cool well-aerated dung-heaps, for they can occur in very large 

^ Sec, for example, G, Salt and F. S. J. Hollick, J. Exp, Biol,^ 1946, i, for wireworms. 
and J. Animal EcoL^ 1948, 17, 139, for animals in pasture soils. 

^Ecology, 1936, 17, 359. 

* W. L. Kubiena, Bodenk. PJlErnahr., 1942, 29, 108. See also P. E. Miiller, Studien iiber da 
naturlichen Hmmformerif Berlin, 1887. 
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lumbers under these conditions^ and must be responsible for an 
ippreciable fraction of the decomposition taking place. 

The digestion of this organic matter naturally involves the gradual 
)xidation of its carbon into carbon dioxide and its nitrogen into simpler 
brms, thus resulting in a decreasing carbon-nitrogen ratio. Thus, 

Meyer* found that earthworms feeding on rye-straw composted with 
>asalt meal reduced its C/N ratio from 23 to ii during a period of 
wo years whilst the soil micro-organisms alone only reduced it to about 
[8 during the same period. Very little is yet known about the types of 
uaterial in the plant debris that are available to the different species 
)f the saprophagous fauna. But it appears probable, for example, that 
;ome woodlice and millepedes can only digest the sugars, starches and 
iccessible proteins in the plant tissues; some termites, snails and earth- 
worms can digest part of the celluloses and hemiceliuloses contained in 
he plant tissues, and some nematodes and mites can live symbiotically 
with, or predaceously on, the cellulose-decomposing bacteria attacking 
he tissues.* It is also possible in many forest and pasture soils that 
iungal mycelium forms the transition compounds between plant and 
animal tissue, for the majority of the soil fauna appears to have no 
power of digesting the celluloses, hemiceliuloses or lignins in the dead 
plant tissues: this is attacked by fungi and converted into their 
protoplasm, and it is their mycelia that forms the principal food supply 
3f a large proportion of the mites and springtails, as is shown by a study 
Df the contents of their gut.^ 

The soil fauna can for many purposes be divided into two groups: 
the meso- or meio-fauna which are too small when mature to affect the 
pore size in the soil, and so are without mechanical influence on it, and 
the macrofauna, which increase the size of the pores in which they 
move. The former group includes the rotifers and nematodes, which 
live in the soil water films, and the micro-arthropods — the mites, 
springtails and other small insects — which live in the air spaces. 

The larger soil fauna have three very important effects in the soil: 
they assist the aeration and drainage of the soil through the channels 
and burrows they leave behind then! as they move through the soil in 
search of food; they macerate and grind up the plant litter they eat, 
excreting it in a form more readily available to the attack of the soil 
micro-organisms; and they distribute this macerated plant debris to- 
gether with some of the microflora throughout the volume of soil in 
fwhich they are working. The saprophytic soil fauna can have two other 
effects on the soil. In the first place their excreta compose the typical 

^ H. Franz, Bodenk. PfiEmdhr., *943, 32, 33G. 

^ Bodenk. PflErndhr,, 1942, 29, 119. 

* H. Franz, ForschDienst., 1942, 13, 320. 

• K. H. Forsslund, Mcdd. Skogsjdrsdksanst.f 1945, 34. J. 
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humus form in the soil (see p. 567), a fact emphasised by W. L. 
Kubiena^ as a result of his direct microscopic observations on the forms 
of humus actually present in undisturbed surface soils. The gut of these 
animals is therefore an important site for humus formation, and this is 
particularly true for many species of earthworm which ingest soil along 
with their food and excrete mull humus in the form of wormcasts. In 
the second place, many of the larger saprophytic animals attack freshly 
dead plant tissues, and if for any reason the supply of suitable food is 
reduced, they will start attacking the corresponding plant tissue before 
it is dead, thus sometimes becoming a serious pest to farmers and 
gardeners. This typically happens on the farm when the rate of supply 
of organic matter to the soil is suddenly reduced, as, for example, when 
a long ley or an old pasture is ploughed out. 

The effect of the soil fauna in moving soil is sometimes very con- 
siderable. Earthworms, ants, termites and moles may all put appreciable 
amounts of sub-surface or subsoil on the soil surface, and in the semi-arid 
steppes there are a number of other mammals that burrow into the soil, 
down to 10 feet at times, bringing up soil from this depth and leaving it 
as mounds on the surface. These burrows often get filled with surface 
soil giving the typical channels of black soil, or crotovinas to use the 
Russian word, in the light-coloured parent material in these areas, as is 
illustrated in Plate XXX. On poorly drained soils other burrowing 
animals, such as crayfish, can be active. Thus J. Thorp*® has described 
how these animals will make burrows down from the surface to the 
water table, if it is within the top 10 feet; and he found them active on 
many soils having a pronounced clay pan. Thus these animals are not 
only bringing subsoil up to the surface but also burrowing through a 
clay pan and so assisting in the mass movement of water. 

The soil fauna can be of indirect importance in agriculture through 
some of them being alternative hosts to certain animal parasites, and 
this particularly concerns the fauna of pastures, for the grazing animal 
can easily pick up infected soil invertebrates with its fodder. Thus, the 
liver fluke and some of the lungworms of sheep must pass a part of 
their life-cycle in certain gasteropods (slugs and snails); so that good 
drainage of pastures, by reducing the gasteropod population, reduces 
the incidence of these diseases. Again, some sheep and horse tape- 
worms have, as alternative hosts, species of orebatM mites which 
are common in old matted pasture but which do not flourish in young 
leys. But it is not always possible or desirable to control the alternative 
host; thus some lungworms of pigs have certain common species of 
earthworms as alternative hosts, and it is both difficult, and probably 

^ See, for example, his book The Soils of Europe, Madrid and London, 1953. 

* Sci, Mon,, 1949, He gives field descriptions of the soiLmoving effects of many of 

these animals with estimates of the weight of soil they move. 
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also undesirable, to try to reduce the incidence of this disease by 
eliminating the earthworm host. 

The invertebrates that have been most frequently recognised in soils 
include amongst the mesofauna nematodes, acarine mites and collem- 
bola, pauropoda, symphyla, thysanura and protura; and amongst the 
macrofauna enchytraeid worms and earthworms, millepedes and 
centipedes, many insects mainly dipterous flies and beetles, and a few 
Crustacea and gasteropods. Photographs of some typical members of 
the fauna of English soils are given in Plates VIII and IX. 

TABLE 37 

The Size Distribution of Wireworms {Agriotes spp.) in two 
Cambridge Pastures^ 


Length of wireworm 
in millimetres 

Per cent by numbers In the size class 

Field 1 

Field 2 

2-6 

59 

52 

61-10 

26 

23 

101-14 

9 

12 

141-24 

6 

13 


The techniques used in the past have missed or greatly under- 
estimated the numbers of rotifers and flatworms (planarians) amongst 
the mesotauna and the numbers of immature forms of the macrofauna. 
This results in the age distribution being wrongly determined, for the 
characteristic of the population is the high proportion of immatures 
present, as shown in Table 37 for the wireworm population in two 
Cambridge pastures. The earlier techniques would have missed almost 
all of the smallest group, which makes up over half the total numbers. 

Only a few analyses of the soil invertebrate population have been 
made^ and, with few exceptions, the published data only give the 
numbers of animals found withotft any reference to their weight. 
Table 38 gives an example of the average number of different groups 
found during one year in an old pasture field and in two neighbouring 
plots on Broadbalk Field at Rothamsted, one of which has received 

^ G. Salt and F. S. J. Hollick, Ann. Appl. Biol., 1944, 31, 52. 

® H. M. Morris, Am. Appl. Biol., 1922, 9, 282, and 1927, 14, 442, for Rothamsted fields; 
M. Thompson, ibid., 1924, 11, 349, and E. E. Edwards, ibid., 1929, 16, 299, for some fields 
around Abei^twyth; and J. Ford, J. Animal Ecol., 1935, 4, 1951, and G. Salt, F. S. J. Hollick 
et al., J. Animal Ecol., 1948, 17, 139 for pastures. For forest soils, see C. H. Bomebusch, 
Foritl. Forsoegsv, Danmafk, 1930, ll, i; A. P. Jacot, Ecology, 1936, 17, 35^; and T. H. Eaton 
and R. F. Chandler, CoriitU Agric. Exp. Sla., Mem. 247, 1942. For tropical soils, see A. H. 
Strickland, Trop. Agric. Trin., "1944, zs, 107; and J. Animal Ecol., 1945, 14, i; 1947, 16, i, 
and G. Salt, Bull. Entomol. Res., 1952, 43, 203. 






the soil fauna other than protozoa 

14 tons of farmyard manure almost every year since 1843 and the other 
none at all during this period. The technique used would certainly 
have missed a great many of the mesofauna, and their numbers will 
have been greatly under-estimated, but it should have counted all the 
larger invertebrates. 

TABLE 38 

Numbers of Small Animals found in Soil at Rothamsted^ 
Numbers are in millions per acre in the top 9 in. of soU 



Broadbalk 



(continuous wheat) 

Grassland 


Manured 

Unmanured 


Insects: 




Springtails (Collembola) . 

40-6 

28-3 

54- 1 

Beetle larvae (Coleoptera) 

5-9 

0*9 

2-3 

Fly larvae (Diptera) 

19-4 

3-8 

III 

All others 

3-4 

0-5 

no 

Myriapods 

Arachnids: 

4-5 

1-8 

1-8 

Mites (Acarina) .... 

6-5 

1-9 

2-9 

Spiders (Araneae) . 

017 

007 

1-2 

Woodlice (Isopods) .... 

004 

005 

— 

Slugs and Snails (Gasteropods) . 

0-04 

— 

0-05 

Ollgochaetes ..... 

2-6 

0-6 

8-4 

Nematodes ..... 

IS 

0-2 

7-6 

Total 

84-6 

38-2 

100-5 

Period of observation 

Feb. 1936 to Jan. 1937 

Apr. 1936 




to March 




1937 


The effect of farmyard manure in the arable field and of organic 
matter in the pasture is to put up the populations considerably. But 
these figures refer only to the numbers present, and since some of the 
animals are almost microscopic and others large, the table gives no 
indication of the relative importance of these groups in the soil. One 
can make a rough calculation of the dry weights of the animals on the 
two Broadbalk plots using some older and less complete data of 
Morris,^ which are given in Table 39, This shows that the really 
numerous animals are so small as to make a negligible contribution to 

I using VV. R. S. Ladell's apparatus. 

^ Ann. Appl. Biol., 1922, 9, 282, 
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the total dry weight, but that the earthworms and myriapods form 
nearly 90 per cent by dry weight of the population. But this result is 
only true if the numbers of the mesofauna have not been grossly under- 
estimated. It would still be reasonably true if the numbers had been 

TABLE 39 

Approximate Nitrogen Content and Dry Weight in Pounds per Acre of 
the Small Animals on Broadbalk Field 



Manured 

Unmanured 


No, in 

Nitrogen 

Dry 

No. in 

Nitrogen 

Dry 


thousands 

lb. per 

weight^ 

thousands 

lb. per 

weight^ 


per acre 

acre 

lb. per acre 

per acre 

acre 

lb. per acre 

Earthworms . 

lOiO 

10 

no 

460 

5 

50 

Myriapods 

Insects: 

1780 

4 

80 

880 

2 

40 

Coiiemboia . 

Wi reworms 

2390 

002 

0-2 

690 

0005 

005 

(Elateridae larvae) 

200 

0-5 

4 

165 • 

0*4 

4 

Ants . 

2950 

07 

6 

690 

0-2 

1 

All others . 

2370 

0-3 

3 

930 

01 

1 

Arachnids** 

Potworms and 


0-2 

2 

347 

005 

1 

0-5 

Nematodes . 

3600 

0-2 

3 

790 

0-05 

0-8 

Total about . 


16 

210 


7-8 

100 


under-estimated by a factor of ten, but not if by a factor of 100 . Unfor- 
tunately there is no adequate evidence, using modern techniques, what 
their correct number is, and the factor of 100 cannot yet be dismissed 
as much too high. In general, soils have more mites than springtails® 
and the opposite result found at Rothamsted is almost certainly due to 
inadequate techniques. 

Bomebusch* discussed the problem of measuring the importance of 
the different types of animal in the soil, and concluded that the total 
weights of each animal do not accqyately correspond to the quantity 
of organic matter oxidised by the animals, for he showed that the small 
soil animals need considerably more oxygen for respiration, which is 
equivalent to needing that much more food, per unit of body weight 
than do the larger animals. He separated out several groups of animals 
from the surface layers of ten different Danish forest soils, and determined 

^ Morris docs not give these dry weights; they have been calculated from the nitrogen 
coments of the different groups and their contribution to the nitrogen per acre. 

‘'^'rhe figures for nitrogen and dry weight were not determined. Morris assumed the 
arachnids had the same nitrogen content a.s an equal number of insects, 

* P. W. Murphy, J. Sail ScL, 1953, 4, 155, has collected some data on this. 

* Fonti Forsoegsv, Danmark f 1930, xi, i. 


















THE SOIL FAUNA OTHEIl THAN PROTOZOA 

the live weight and oxygen need for each group. Table 40 gives 
a summary of his results for two typical soils under bee<A forest, the 
first a good mull carrying a flourishing ground vegetation, and the 
other a raw humus or mor almost bare of ground vegetation. 

TABLE 40 

The Numbers, Weights and Oxygen Consumption of Various 
Groups of Animals in Danish Forest Soils 



Mull soil under beech 
pH 6- 1-5-8 

Raw humus under beech 
pH 5-6-3-6 


Numbers 

in 

millions 
per acre 

Per cent cc 
to 

total 
weight 
of the 
animals 
present 

>ntribution 

the 

total 
oxygen 
con- 
sumption 
of the 
animals 
present 

Numbers 

in 

millions 
per acre 

Per cent o 
to 

total 
weight 
of the 
animals 
present 

ontri button 
the 

total 
oxygen 
con- 
sumption 
of the 
animals 
present 

Earthworms . 

0-72 

75- 1 

56-2 

0-33 

IHRQIIH 


Enchytraeid worms 

2-16 

1-5 

6-0 

3-16 



Gasteropods 

0-42 

7-0 

7-3 

0-21 



Millepedes . 

0-72 

10-6 

15-0 

0-16 



Centipedes . 

0-32 

1-8 

3-5 

0-08 



Mites and spring- 
tails . 

1785 


4-5 

45-5 

HI 

16-1 

Diptera and Elater- 
idae larvae 

0*99 

2-4 

3-7 

5-28 

43-8 

3S-2 

Other insects, iso- 
pods and spiders 

1-91 

1-2 

3-8 

2-63 

4-7 

8-7 

Total number of 
animals 

25-0 mill 

lion per acn 

e 

57-2 million per acre 

Total weight of 
animals 

Oxygen used per 
sq. m. at I3®C. 

630 lb. per acre 

0-33 litre per day 


214 lb. per acre 

0-20 litre per day 



Mites and springtails abound in these soils and, on the basis of 
numbers alone, form almost the whole population, though they make 
a negligible contribution to its total weight. But their contribution to 
the total oxygen demand, or to the total quantity of organic matter 
oxidised away by the population may become appreciable, particularly 
in the raw humus or mor soils. The table also illustrates the important 
point that the oxygen demand of the soil fauna, or the rate at which it 
oxidises the soil organic matter, does not necessarily increase with 
increases in the total number of animals present. 

These results also show, as did Morris’s (see Table 39), that where 
earthworms thrive they form the major portion of the total weight of 















Dried paste of a deflocculated sodium saturated 
Lower Lias clay 



Dried paste of a sodium saturated Lower Lias 
clay flocculated with sodium chloride 
(p. 132 ) 





Electron microscope photographs of three types of bacteria (x 25,000) 

The first two have been gold shadowed before being photographed. The second 
shows flagellae of the bacteria 
(0. 136) 




Plate VII 




Bacterral M and amoebae and a fungal hypha (bottom) in the soil, as displayed 

by Jones and Mollison s direct staining technique (x I 000) ^ ' 

(p. 137 ) 



Typical members of the soil fauna (natural size) 
(For key, see opposite page) 

(p. 173) 



Plate IX 



Plate IX: 

1. Earthworms Lumbricus sp. (Oligochaeta) 

2. Beetle larva Carabidae (Coleoptera) 

3. Chafer grub Phyllopertha sp. (Coleoptera) 
A. Slug Agriolimax sp. (Mollusca) 


Plate VIII: 

Chilopoda: Centipedes 
4, 5, 28, 40 
f)<p/opodo: Millepedes 
19, 22,41 
Arachnfda 

(o) Araneae: Spiders 
31, 33 

ib) Acarina: Mites 
14, 36: Gamasidae 
24, 32, 37, 45: Onbatidae 
42: Tyraglyphidae 

bisecta 

' i Collembola: Spnngtails 
6. 10, 13, 16,20, 50 


5. Leatherjacket Tipulidae (Diptera) 

6. Millepedes (Diplopoda) 

7. Cutworm Agrotidae (Lepidoptera) 

8. Centipede (Chilopoda) 


(b) Lepidoptera 
8: Larva 

(c) Coleoptera 

7. 9, 17, 30, 35, 38, 44: Staphylinoidea (adults) 
15, 23, 27, 29, 34, 41 : Staphylinoidea (larvae) 
25: Carabidae (adult (small species)) 

12: Carabidae (larva (large species)) 

21, 26, 39, 45: Elaieridae (larvae) Wire- 
worms 

(d) Diptera 

I, 43, 48, 49: Bibionidae (larvae) 

1 1 : Cyclorrapha (larva) 

18: Anthomyidae (adult) 
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the animai pt^mlatios. Thus Bomebusch found dutt the weight of aU 
animals exduding earthwonns varied from 35 to 170 lb. per acre for 
the ten different soils he studied, but in the two good mull soils of his 
group the half a million earthworms present weighed about 500 lb. per 
acre. Further, in two forest sites, on which he only took a few samples, 
the i-i i million per acre weighed 1,500-1,800 lb., which, as he points 
out, equals the weight of livestock carried per acre on iirst-class Danish 
pastures, although the earthworms will only be respiring about one 
tenth the amount of carbon dioxide that the livestock would.^ The 
relation between the numbers of earthworms and their weight is 
not, however, simple for it depends on the species present. Thus, 
in Table 40 the average weight of an earthworm in the mull is 
about 300 mgm. — they were mainly the medium-sized Allolobophora 
lurgida, now known as A. caliginosa — ^whilst on the raw humus soil they 
are mainly the small Dendrobaena octoedra, which only weigh about 
67 mgm. 

One other use can be made of the respiration figures given in 
Table 40. Bomebusch estimated the annual oxygen consumption of 
the animal population in the various soils he studied; it was about 
90 and 60 gm. per sq. m. per year in the two soils given in the table, 
and this is approximately the weight of food oxidised by the soil 
animals, for about i gm. of oxygen is needed to oxidise i gm. of 
organic matter to carbon dioxide. He further estimated that the 
annual leaf fall returns about 400 gm. of organic matter per sq. m. to 
the soil, so that, ignoring the weight of plant roots being decomposed, 
about which nothing is known, the animal population is responsible 
for the oxidation of about 15 to 20 per cent of the plant remains. 

An example of a more modem estimate of the numbers of arthro- 
pods present in a pasture soil is given in Table 41. This field, which is 
on a gault clay, has been under grass for at least ten years smd been used 
principally for grazing though it has been cut for hay.® In addition to 
those animals given in the table, the following occurred in numbers 
less than i million per acre: Psocoptera, Lepidoptera and Hymenoptera 
amongst the insects, and Chelonethida. The table shows that a number 
of arthropods lived in the subsoil, which was on the whole well supplied 
with roots and was stained with humus down to 7-8 inches. 

The number of soil animals in the surface soil works out at about 
I per c.cm. of soil, rising to a maximum of 3 per c.cm. in the samples 
with the highest number. The authors consider the modal volume of 
the population as about 5 x I0“* c.cm. per individual, so the volume 
of the mesofauna to the volume of soil is about i to 20,000, and if the 

' K. Mellanby, Soils and Firt., i960, ax, 8. 

• G. Sait, F. S. J. HolUck ri ol., jP. Animal Ecol. 1948, *7, i39.H.Ftaiiz, Bodonkt. fftErnih^ 
“^ 43 > 3a, 336, found similar total numbers in the top 4 in. of Austrian pasture soils. 
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surface soil contains 5 per cent of air when wet but well drained, they 
would occupy about o*i per cent of the air space. P. W. Murphy has 
collected the corresponding figures for forest mor, which came out to 
2-15 per c.cm. with an animal-to-mor ratio by volume of about i to 
30,000. 

TABLE 41 

Numbers of Arthropods collected from surface and subsoil on a 
Cambridgeshire Pasture, 23 November 1943 

(* Numbers of animals so marked are known to be under-estimated) 

Numbers in millions per acre 



Surface soil 0-6 in. 

Subsoil 6-12 in. 

Thysanura 

ISO 

11-8 

’•‘'Protura 

Id 

4.4 

*Collembola 

174-7 

73-6 

Thysanoptera 

4-4 

0-2 

Hemiptera 

61 ‘7 

iO-2 

Coleopterw 

11-4 

6*4 

Diptera 

21 

0*6 

Total Insects 

271-5 

107-7 

Araneida 

0-57 

0-0 

^Acarina 

485-5 

180-8 

*Pauropoda 

0-1 

2-4 

Symphyla 

l-l 

14-6 

Diplopoda 

0-65 

0-97 

Chilopoda 

0-87 

1-75 

Total Arthropods 

760-4 

1 

308-4 


G. Salt^ has repealed his determinations of the number of arthropods 
in soils at a number of sites in East Africa, at elevations from 2,300 to 
6,400 feet above sea-level, and under Star grass [Cyyiodon plcctoslachyurn)^ 
and Kikuyu grass (Penniseium clandeslinum) and under forest. The 
numbers found were remarkably •constant between sites and worked 
out at about 160 million per acre in the surface 6 inches compared with 
760 million in the Cambridge pasture. The number in cultivated soils 
in East Africa was lower, at about 100 million per acre. The only soil 
carrying a higher number of arthropods than this was the Kawanda 
(Uganda) soil under elephant grass [Penniseium purpureum) which had 
350 million per acre compared with 106 million on neighbouring bare 
fallow soils or soils under cassava, and one year under elephant grass 
was sufficient to give this build-up.^ 

* Bull, EuiojtwL Re.s.i 1952, 43, 203. 


= Bull, EntomoL Res., 1955, 46, 539* 
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Nematodes 

The nematodes or eelworms are non-segmented worms with cylin- 
drical or spindle-shaped bodies, and a large proportion are about 
0-5 to I -5 mm. long and about forty to fifty times as long as they are 
broad. Soil nematodes fall roughly into three groups: 

1. Those living on the soil microflora and possibly on decaying 
organic matter. They form the most numerous group both in numbers 
and species. 

2. Those predaceous on the soil fauna, including protozoa, other 
nematodes, tardigrades and oligochaetes. Many of these species can 
use a wide range of foods, but a few, such as some of the larger dorylaims, 
seem to be restricted to oligochaetes or other specific groups of animals. 

3. Those parasitic on plants and usually fairly specific in their food 
requirements. They have been more extensively studied than the other 
soil nematodes. 

H. Mikoletzky,^ H. Franz* and C. O. Nielsen® have studied the com- 
position of the nematode populations in a variety of soils in Bucovina, 
Austria and Denmark, and recognised nearly 200 different species; but 
of these only between 20 and 30 were common. The composition of 
the population was not found to be very dependent on the soil or on the 
method of soil management used in this part of Europe. Very little, 
however, is yet known about the principal sources of food of this free- 
living population or their effect on the decomposition of the soil 
organic matter; though Nielsen, both from an examination of the gut 
contents of nematodes extracted from the soil, and from feeding experi- 
ments, concluded that most of them were predaceous, feeding on 
bacteria, algae, protozoa and, for the larger ones, other nematodes, 
though a proportion sucked the juices from roots and possibly fungal 
hyphae also. He found no evidence that any fed on plant debris. The 
population is not confined to the surface of the soil, but most of it is 
found in the lop 10 cm. 

Franz, Nielsen, A. Stockli* and*D. Robertson® have counted the 
number of nematodes in soils, and the first two have also classified them 
into species, and Nielson has also estimated their weight and their 
oxygen consumption. Both Nielsen and Robertson found that arable 
soils contain about i million per square metre, weighing about i gram 
(9 lb. per acre) whilst Franz, Nielsen and Stockli found that pastures 
contained from 2 to 20 million, weighing between 5 and 20 grams per 

4Arch. Naturgesch.j 1921, 87 A, No. 8. 

^ Jahrb. (%/)> *942, 75, 3G5. ® ,Katura Jutlandka, 1949, 2, i» 

^ Ber, Schweiz* Bot, Ges*, I943» 53 A, 160, and Z' BJlEtndhr*, 1952, 59^ 97. 

* Broc, Roy. Phys. Soc, Edinb., 1926, 21, 83. 



,l 80 THE SOIL FAUNA OTHER THAN PROTOZOA 

square metre (45-180 lb. per acre). Nielsen and Stockli also give the 
numbers in a mor soil under spruce and in a mixed woodland, which 
are similar to those in an arable field. These total weights are therefore 
small compared with the 1 00-600 pounds per acre of the remainder of 
the soil fauna, with the exception of those for some pastures. Nielsen 
showed, however, that their contribution to the oxygen consumption 
and carbon dioxide evolution of the soil fauna was considerably larger 
than the weight figures indicate, since they have a much higher 
metabolic rate than the general population. 

The predaceous nematodes may possibly help to keep the numbers 
of the plant parasitic nematodes in control, for they can certainly feed 
on them. Numerous investigators have tried to alter the soil conditions 
in such a way that these predaceous nematodes would reduce the 
members of the plant parasites so much that they could not affect the 
host plant appreciably. So far, however, these attempts have met with 
little success, possibly because the predaceous nematodes are not 
specific in their food requirements, but will feed on the saprophytic 
nematodes and other invertebrates, including young earthworms, as 
readily as on the parasitic nematodes. 


Enchytraeld Worms 

These worms have not received much attention in the past. C. O. 
Nielsen^ has made a fairly detailed study of their numbers and weights 
in several Danish soils. They occur principally in the top 5 cm. of the 
soil but work down to 50 cm., and may number up to 10,000 per sq. 
metre in arable, 100,000 in mull and 200,000 in heath and coniferous 
forest soils. He estimated 100,000 per sq. metre had a live weight of 
about 25 lb. per acre. It is not certain what they feed on, but they 
consume rotting material and may feed on the bacteria and fungi 
which it contains. They also appear to control pathogenic eelworm 
numbers if present in adequate numbers, possibly by feeding on their 
early larval stages.* 

Eartltworms 


The importance of earthworms was first stressed by Charles Darwin 
in his book The Formation oj ^ Vegetable Mould through the Action of H'orms'* — ■ 
one of the classics of soil science — and also by V. Henson.^ But in spite 
of this early start, and of their obvious importance in soils, for a long 

^ Soil Zoology, London, 1955, p. 202; see also Oikos, 1953, 4, 187. for his methods. 

Oil ^and'fi Aiicrobiol., 1952. 6 , 

^‘-haCTfleiiberg, PfiSchutg., 1950, 57. 183. 

it.p li'n!! by J. Murray (Ijjndon) in 1881, and reissued^ Faber & Faber in 1945 under 
Itie title Darwin on Humus and the Earthworm ' 

* Z‘«lir. wiss. ZooL, 1877, 28, 354; Landw. Jahrb., 1882, tl, «ii. 
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time little work was done on their ecology. Yet both C. H. Bomebusch,* 
working with Danish forest soils, and H. M. Morris,® working with 
Rothamsted arable soils, found that where earthworms flourished they 
constituted between 50 and 75 per cent of the total weight of the animals 
present, although on a further calculation of Bornebusch (see p. 177) 
their effectiveness in decomposing organic matter was not quite as high 
as this figure might suggest. Further, foresters such as P. E. Miiller® 
and W. Kubiena* have remarked on the fact that the only obvious 
animal excreta in soils containing earthworms is that of the earthworm, 
whilst on soils not containing earthworms the excreta of a large number 
of other animals becomes obvious. The conclusion seems to be justified, 
therefore, that in north-western Europe where earthworms flourish 
they dominate the whole soil fauna. 

From the agricultural point of view earthworms can be classified 
into two groups: the family Lumbricidae, and the other families belong- 
ing to the sub-order of the order Oligochaeta. The earthworms of 
north-western Europe are all Lumbricids but the native species in India, 
Africa, the Americas and Australasia are not. However, as the native 
vegetation is replaced by European or Eurasian species, e.g. the rye- 
grass/white clover pastures of New Zealand, the European species of 
earthworms seem to have come along with the plants, and dominate 
these soils — the native species being unable to live in this entirely new 
soil habitat. 

The general problems of earthworm zoology have been described in 
a monograph, now rather out of date, by J. Stephenson.® Their 
separation into genera and species presents great taxonomic difficulties, 
particularly for sexually immature individuals, so many of the earlier 
workers either did not identify the species they were studying, or worse, 
gave incorrect identifications. Some species can only reproduce 
sexually, some parthenogenetically and some can use either mode.® 
i'hey lay their eggs in cocoons, and the young earthw'orm takes from 
six to eighteen months to reach maturity, depending on species and 
i'ood supply.’ L. Cernosvitos and A. C. Evans* have published a key 
for the identification of the twenty-five British species belonging to 
eight genera, of which seventeen are widespread. They vary in size 
from the large Lumbricus terrestris, which may have a length exceeding 
25 cm. and weighs between 2 and 7 gm. to small species with lengths 
about 2 '5 cm. and weighing about 50 mgra. The factors controlling 

’ Forstl, Forsoeg^. Danmark, 1930, xi, 1. * Ann. Appl. Biol., 1922, 9, 282; 1927, 14, 442. 

’ Studun iiber ait naturlichm Hummformen, Berlin, 1887. 

* Bodenk. PfiEmahr., 1942, 39, 108. * Tht Oligochaeta, Oxford, 1930. 

• S. Muldal, Heredity, 1952, 6, 55. 

ror a ducussion of the factors affecung the rate of cocoon production m Bntifh soils 

A. C. Evans and W. J. McL. Guild, Arm. Appl. Biol. 1948, 35, 471. 

Synopses of the British Fauna, Linnean Soc. No. 6 , 1947. 
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which species will be dominant and which almost lacking in a soil are 
not yet known in any detail. In British pastures one or more of the 
larger worms such as Allolobophora longa and nocturnal and i. terrestris 
are usually dominant, though in leys and in highly productive pastures, 
such as some of those in New Zealand, A. caliginosa and L. rubellus may 
be the dominants. In British arable soils A, caliginosa^ A. chlorotica and 
Eisenia rosea are usually important, and the first two are often the 
dominants in leys of several years’ duration which come in arable 
rotations. In addition another fairly large worm, Octolasium cyaneum^ 
and the smaller Z. castaneus and Dendrobaena rubida are fairly common in 
British pastures and E.foetida in farmyard manure heaps. 

The habits of life of the different species of earthworms differ appre- 
ciably. Some certainly feed on the dead roots of grasses and clovers as 
shown for A. caliginosa in New Zealand pastures by R. A. S. Waters.® 
Many feed on surface litter, some coming on to the surface to collect 
it and then drag it down into their burrows, and others only pulling 
down the litter that is directly over their burrow. Little is known about 
their food preferences. In forests elm, ash and birch litter is eaten more 
freely than oak and beech, and pine and spruce litter is hardly eaten 
at all. Many eat cow dung readily, and it is a common sight to find 
colonies of several species underneath each cow pat on pastures. All 
British earthworms probably possess the enzyme cellulase in the fore 
half of the gut, although there is a very great variation between species 
in the amounts present, and many possess chitinase also, so presumably 
they can digest cellulose of plant tissue and the chi tin of fungi and 
perhaps insect cuticle also.^ 

Typically earthworms consume soil along with plant debris, but they 
do not always do this. Thus sometimes they will consume large amounts 
of mown grass without any soil. Their excreta, in the form of worm 
casts, therefore typically contains a high proportion of soil. Most 
species excrete this in the body of the soil, often in their burrows, but 
some make casts on the soil surface. At Rothamsted only A. longa and 
nociurna have been proved to make casts regularly on the surface, but 
other species such as L, terrestris sometimes do. 

The shape of the burrow, and its depth, also depends on species. 
Some are always making new burrows and live entirely in the surface 
layer of the soil, others, particularly the larger ones, have fairly per- 
manent burrows, which may be 5-6 feet deep for Z. terrestris but is 
usually much shallower, and may be 12 inches deep for A. longa and 
nociurna. The Allelobophora species appears to burrow continuously in 
the surface layer of the soil, whilst the Lumbricus species may only 

I species are classed together as A. terrestris hv some authors. 

d- Set, Tech., 1955 , 36 A, 516. » M. V. Tracey, jVh/wre, 1951, 167, 77 ^- 
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make new burrows in the surface soil when the food supply above their 
burrow is exhausted.^ 

Earthworms can only thrive in soils under certain specific conditions. 
They are intolerant of drought and frost;^ and hence dry sandy soils, 
and thin soils overlying rock are not usually favourable environments 
for them.® They need a reasonably aerated soil, hence heavy clays or 
undrained soils are also unfavourable as are pastures whose surface is 
puddled by overgrazing in wet weather. Thus under given conditions 
of management they will be most numerous in loams and less numerous 
in sands, gravels and clays.^ Many can, however, survive up to a year 
in water if it is reasonably aerated:^ and the author has found them alive 
in late autumn in undrained Englisii clay pastures in burrows already 
iillcd with water due to the late autumn rains. Earthworms are much 
more active in spring and autumn, when the surface soil is moist and 
warm, than in summer when the surface is usually dry, and in winter 
when it is too cold. A. Stockli® has given an example of the effect of 
spring rainfall on the weight of earthworm casts produced on a Swiss 
pasture: 3 tons per acre for the three months April to June one year 
when the rainfall during this period was lof, inches, and 10 tons the 
next when it was 16 inches. 

Most earthworms, including all the larger species, need a continuous 
supply of calcium, which they convert into calcium carbonate and 
excrete from special glands in their digestive tract. Earthworms are, 
therefore, absent on soils low in calcium. They are also absent from 
acid soils, and in fact if they are put on the surface of a soil that is too 
acid they are unable to burrow into it and very soon die. It is not 
known w^hat f actor in an acid soil is such an irritant, but it is not pH for 
j. E. Satchell" has shown that sulphuric acid solution must be below 
pR 3*0 before five common British species of earthworms found it a 
strong irritant, yet they were unable to live on a Rothamsted soil at 
/>H 4*4 although they behaved perfectly normally if it was at pH 5*0. 

These laboratory findings agree on the whole with field observations, 
for very rarely are soil-burrowing earthworms found in soils below 
/»H 4*5, though small ones may be fdund living in the mor layer above 
forest soils whose pH is less than this. This is in fact fairly critical, 
for above it in woodland and pasture soils earthworms account for a 
high proportion of the weight of the soil fauna and below it for a 
relatively low proportion, as is shown in Table 38. G. H. Bornebusch 

'A. C. Evans, Ann. Mag. Nat. 1947, 14, 643. 

‘ tor exanjpl(\s of the cHcct of frost limiting earthworm numbers, see H. Hopp, Pm, Soil 
ScL Soc. Amer.^ I94^^> 12, 503, 508. 

VV. Kwbiena, Bodenk. P/lErndltr.t 1942, 29, 108. 

^ W. J. McL. Guild, Ann. Appl Biol, 194B, 3$, 181. 

I B. L. Roots, J. Exp. Biol., 1956, 33, 29. 

Imdw, Jfihrh. Schweiz-, 1928, 42, i. ’ Soil ^oology, I-»ondon, 1955, p. 180. 
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in fact divided up the earthworms in Danish forest soils into two groups: 
acid-tolerant litter-dwelling species such as Bimastus eiseni and Dendro- 
baena octaedra and rubida, which can be found in litter with a pH below 
4 and are not usually found in soils or litter above pH 5, and an acid- 
intolerant group of soil-burrowing species, which are normally present 
in soils with a pH above 4*5. But Satchell has found in some English 
Lake District woodlands a third group which are present both in very 
acid and in neutral soils, two of which are mainly surface or litter 
dwellers and three, L. terrestris and rubellus and Octolasium g>aneum, which 
are soil dwellers. It is not known how commonly these last three are 
found in acid soils for he also found the two that occur at Rothamsted 
absent or almost absent from pastures below pH 4-5 although present 
in considerable numbers in soils above that pH. 

The weight of earthworms present in soils can be impressive! 
Bornebusch’s figures for the numbers and weights of earthworms in 
Danish forest soils has already been referred to (see p. 177), where on 
two good forest sites he found i-ii million per acre weighing 1,500- 
1,800 lb. A. G. Davis and M. M. Cooper,^ on productive four-year-old 
rye-grass /white clover leys on a deep brick earth at Wye, Kent, found 
about 2 1 million per acre weighing nearly 1,500 lb. and P. D. Sears 
and L. T. Evans* and R. A. S. Waters® at the Grasslands Station, 
Palmerston North, New Zealand, found on their most productive pas- 
tures numbers up to 3 million per acre and weighing 2, too lb.; and they 
noted a close correlation between the productivity of the pasture and 
the weight of earthworms, and they also noted that the weight of earth- 
worms in their pastures is about equal to the weight of sheep the 
pasture can carry (see p. 177). Waters gives a figure of 170 lb. of worms 
present for every 1,000 lb. of dry matter produced, averaged over the 
year. The New Zealand pastures differ from the English in that the 
winter at Wye checks growth for more months than it does at Palmer- 
ston North. 


The weights and numbers for typical British pastures are much 
ower than these figures, but so is their carrying capacity for sheep or 
yock. Numbers of the order of half a million per acre, weighing up to 
(>00-1,000 lb. are common, whilst old arable fields may contain from 
a quarter to half as many but which may only weigh 100 lb., because 
t ey are of the smaller species. Ploughing out a pasture does not affect 
the earthworm population much in the first year, but it may drop 
*^^7 I- years.* Heavy dressings of farmyard manure 

J. Bnt Grmslmd Soc., 1953, 8, 1 15. 

» Air -I- 3X A Suppl. 42. 

numbers aAd weigh,,' 195 *. S8, 120, compared 
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applied to arable soils increase the number of earthworms they contain. 
Thus Plot 2 on Broadbalk Field at Rothamsted, which receives 15 tons 
per acre annually has about i million earthworms per acre, weighing 
about 440 lb., whilst plots receiving heavy dressings of fertiliser and 
rriving the same average wheat yield have between 200,000 and 500,000 
weighing between 50 and 100 lb. In countries with cold winters, earth- 
worm numbers are increased appreciably by keeping the soil surface 
c overed with a mulch of straw, farmyard manure or similar material.^ 
Once again it must be emphasised that all the figures for weights and 
numbers given here are minimum figures, because some at least of the 
techniques used to collect all the worms from a sample of soil may be 

inefficient.^ 

Earthworms, where they flourish, as in virgin soils and pastures, arc 
the principal agents in mixing the dead surface litter with the main 
f)C)dy of the soil, so making it more accessible to attack by the soil micro- 
organisms. Peat formation is, in fact, typical of uncultivated land too 
cicid for earthworms; thus at Rothamsted a mat of dead vegetation is 
accumulating on all the pasture plots whose pR is below 4, apparently 
solely because there are no earthworms or other animals capable of 
mixing this debris into the body of the soil. 

Earthworms improve the aeration of a soil in two ways. They are 
very extensive channellers and borrowers, and these channels serve to 
improve the drainage of the surface soil, to give regions of good aeration 
and to loosen the whole soil throughout the zone in which they are 
working. They are most active in the surface layers of the soil, rarely 
w orking the soil intensively below 6 to 8 inches, though a few species 
will make burrows to much greater depths which often serve as passages 
lor plant roots to penetrate into the subsoil. They can also play an 
important role in irrigated fields, for N. A. Dimo^ found up to six million 
< hannels per acre coming to the soil surface in fields of irrigated lucerne; 
and these allow the irrigation water to penetrate rapidly through the 
surface layers of the soil into the subsoil. C. H. Edelman^ gives an 
( xample from Holland of gang mowing a grass orchard on a clay loam 
<4iving 2 million large worm channek and many more smaller ones per 
acre, and A. Finck^ in Germany found up to 4 million in the subsoil of 
well-manured arable fields and i million common on normal arable. 

They also improve the aeration and at the same time the w'ater- 
liolding power of the actual soil crumbs, for the outstanding action of 
tile earthworm is to ingest soil particles along with the organic matter, 

^ H. Hopp, Proc. Soil Sci. Soc, Amer,^ 1948, 12, 503, in Maryland, U.S.A., and A. Finck, 
f ' lUirnahr .,, 1952, 58, I20, in Germany. 

J See, for example, J. A. Svendsen, Nature, *955* I 75 » B64. 

' Pedology, 1938, No. 4, 494. 

r, 5th Int Congx» Soil Sci, (r.eopoldvilIc), 1954, I, 119. 

' PfiErnahr., 1952, 58. 120. 
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grind up the organic matter with the soil particles in its gizzard in the 
presence of calcium carbonate secreted by some of its digestive glands, 
and excrete this calcium-saturated intimate mixture of organic matter 
and soil as a blackish-brown mould or loam. This mould or mull, which 
in most soils is probably only produced by earthworms, is admirably 
suited for plant growth, having a very desirable air-water regime. On 
the lighter soils it has a considerably higher water-holding power than 
the soil itself, and on the heavier is more mellow and has a very favour- 
able structure. 

However, a word of warning must be given here. These remarks 
only apply to casting species of worms. Thus A. C. Evans^ found at 
Rothamsted that the top few inches of pasture soil had a pore space of 
67 per cent when these were dominant, but only one of 40 per cent 
when they were absent, even though the total weight of worms was 
about the same on the two fields. Further, he also found that where 
casting species were dominant the surface soil was rather higher in 
silt and clay, and lower in coarse sand than the subsurface, and this 
would increase the water-holding power of the surface soil. Again, as 
will be mentioned on p. 442, A. K. Dutt^ and R. J. Swaby® found that 
wormcasts only possessed a stable structure if they were produced on 
pasture soils; they had this property to a much less extent when pro- 
dueed on arable soils and subsoils.^ 

The chemical composition of wormcasts differs from that of the soil 
mass because the worms feed selectively on the material in the soil, 
concentrating in the cast most of the nitrogen and mineral constituents 
present in the organic matter ingested. Thus, the casts are richer in 
available plant nutrients than the soil, as is shown by some results of 
H. A. Lunt and H. G. M. Jacobson® given in Table 42. This effect is 
due to the breakdown of the organic matter by the worms or by the 
microflora in their gut and, for as far as plants growing on the soil arc 
concerned, could equally well be brought by the soil microflora, pro- 
vided a mechanism was available for mixing up the organic matter 
with the soil. There is no evidence yet that the passage of inorganic 
soil particles through the worm’s* alimentary canal aflects the avail- 
ability of the plant nutrients they contain, nor is there any need to 
assume the existence of this effect, for, as Lunt and Jacobson point out, 
the wormcasts arc poorer in plant nutrients than the original litter. 
Nor is there any evidence that the passage of the soil through the earth- 
worm alters the bacterial or fungal flora appreciably.® 


^ Ann. AppL 1948, 35, i. 
® J. Soil ScL, 1950, i, 195, 

® Soil Sci., 1944, 58, 367.' 


Amer. Soc. Agron., 1948, 40, 407. 
* Z- PJiEmdhr., 1952, 5^, i2Q. 


'’5- But sw a note by J. N. Parle [Rothamsted Am. Rept; 

* 95 * 5 , 70) for a contrary opinion. 
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There is still much uncertainty whether earthworms directly affect 
the fertility of soils. As long ago as 1910 E. J. Russell^ showed that 
crop growth was improved if dead earthworms were added to the soil, 
and that their bodies nitrified very quickly, but he could not show that 
living earthworms affected the growth of the crop. A. C. Evans has 

TABLE 42 

The Chemical Composition of Wormcasts compared with that 
of the Whole Soil (Connecticut) 



Arable soil 


Forest soil (mean of 4 soils) 

Depth of sample 

Cast 

0-6 in. 

8-16 in. 

Cast 

A1 

A3 

B 



in parts per million of soil 



Exchangeable calcium 

2790 

1990 

481 

3940 

747 

155 

171 

Exchangeable magnesium 

492 

162 

69 

418 

140 

43 

59 

Exchangeable potassium . 

358 

32 

27 

230 

138 

32 

25 

Available phosphorus 

67 

9 

8 

9 

7 

3 

3 

Nitrate nitrogen . 

21*9 

4-7 

1-7 

— 

— 

— 

— 

Total carbon in per cent . 

517 

3-35 

i-ll 

15-6 

5-9 

2-1 

1-0 

Total nitrogen in per cent 

0-353 

0-246 

0-081 1 

0-625 

•0-327 

0-130 

0-064 

C/N .... 

14-7 

13-8 

13-8 

25-1 

18-0 

16-3 

15-0 

pH ... . 

70 

6-4 

6-0 

5-3 

4-6 

46 

4-7 

Per cent of base saturation 

93 

74 

55 

63 

32 

18 

12 


recently reinvestigated this problem and could not show that living 
worms increased the green weight of crops growing in the soil, though 
they appeared to increase its dry weight, a result that is difficult to 
interpret, but one that could be due to the improved physical condition 
of the soil. An observation of Hopp and Slater- is in accord with this 
conclusion, for they found that cither active earthworms (A, caligimsa) 
or an infestation of ants living in tubs of a loam soil planted to a grass- 
ciover mixture, increased the proportion of clover to grass. The 
direct effect of worm activity on plant growth must still, therefore, be 
considered unsetded, though the effect, if it exists, cannot be large.® 
Darwin first drew attention to the, great quantity of soil earthworms 
can move per year; he estimated that the earthworms on some pastures 
outside his house could form a new layer of soil 7 inches thick in thirty 
years, or that they brought up annually about 20 tons of soil per acre, 
enough to form a layer 0-2 inch deep. This figure represents fairly 
well the amount of earth the casting species of earthworms can put on 
the soil surface every year. Thus, A. Stockli found a similar figure in 

^ J. Agric, Scu, 1910, 3 , 246, For additional confirmation, see B, Lindquist, SvensL 
Skngsvfdrffi^ Tidskr.^ * 941 ? 39 , 179. H. Hopp and C. S. Slater, J, Agrk, i?«., 1949, 78 , 325, 
also c onfirmed most of these conclusions, 

^ Agrk, Res., 1949, 78 , 325, and Soil Sci., 1948, 66 , 421. 
for a summary of work until 1957, see J. E. Satchell, Soils and Fert., 1958, 21, 209, 
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some Swiss, and A* C. Evans in some Rothamsted, pastures* It is not 
yet possible to estimate from what depth the soil cast on the surface 
has been derived, but most of it has probably come from the top 4 to 
6 inches. 

This figure, however, does not represent the total amount of soil 
that passes through the gut of the earthworms each year, for this has 
been derived purely from the casting species. No attempt has yet been 
made to measure this accurately, but A. G. Evans^ has made a rough 
estimate by assuming the weight of wormcasts produced by worms 
is proportional to the weight of the worms. His results for some 
Rothamsted fields with different cropping histories are given in Table 
43, and show that some fields have high earthworm activity although 

TABLE 43 


Estimated Consumption of Soil by Worms at Rothamsted 


Cropping of Field 

Number 

thousar 

* 

A. nocturna 
and A. longa 

of worms 
ids/acre 

Others 

Weight 
of worms 

Ib./acre 

Worm 

casts 

tons/acre 

Soil 

excreted 

below 

ground 

tons/acre 

Total 
soil con- 
sumption 
tons/acre 

Old pasture (1) 

340 

430 

880 

25 

12 

36 

(2) • 

140 

170 

540 

il 

9 

20 

Established leys: 







18 years old 

120 

130 

500 

12 

10 

21 

8 years old 

30 

330 

660 

2 

21 

23 

5 years old out 







of woodland 

50 

190 

650 

2 

17 

19 

5 years arable after 





1 


old pasture 

30 

130 

120 

3 

2 

5 


few casting species are present, so only very few wormcasts are produced. 
A. nocturna and A, longa are the casting species present, so their numbers 
are given separately. The table also shows that normal arable soils 
have a low earthworm activity compared with established leys and 
pastures. ‘ 

Earthworms, such as L, terrestris^ have a second effect on soil transport, 
for they also excrete surface soil into their deeper burrows, but the 
amount of surface soil they transport into the subsoil is probably small. 

One can summarise our present knowledge on the importance of 
earthworms in agriculture as follows. They are of very great im- 
portance in undisturbed forest and pasture soils above pYL 4*5, for they 
are the principal agents in mixing dead plant debris on the surface of 
the soil with the soil itself, and in doing this they help to keep the surface 
^ Ann, Appl Biol, 1948, 35, i. 
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soil loose and well aerated. They may also play an important role in 
the conversion of plant litter into humus, as their gut may form a 
favourable environment for the necessary chemical changes to take 
place, but this has not yet been rigorously proved. Only three British 
species produce wormcasts on the surface of the soil, all the rest excreting 
in the soil itself. 

Arthropods 

mesofauna 

The soil-inhabiting acarine mites vary from about o-i to i mm. in 
size and are present in very considerable numbers, belonging to a large 
number of genera and species. Each species has probably fairly specific 
Ibod requirements, but the mites as a whole feed on a wide range of 
materials such as decomposing plant remains and fungi, though perhaps 
many of those appearing to feed on plant remains are in reality feeding 
on the micro-organisms carrying out the decomposition, and a number 
are predaceous on other members of the mesofauna. A. P. Jacot^ has 
described how they will feed on the inside of a dead root leaving a 
( hannel with its outer corky layer. The springtails or collembola are 
rather larger, 0-5 to 2 mm. in size, and are minute wingless insects. 
There are probably considerably fewer species in the soil than of mites, 
and each species may be less specific in their food. They feed on decay- 
ing plant tissue and the micro-organisms decomposing it, and on dead 
insects, and presumably on the remains of other members of the soil 
fauna. The species present in the soil vary with the depth at which 
they live, the soil surface inhabitants being pigmented, and have well 
developed eyes and springing organs, all of which are lacking or poorly 
developed in the subsoil dwellers. 

The mites and springtails have been extensively studied in forest soils, 
where they concentrate in the F. and H. layers of forest fitter. Although 
they occur there in very large numbers, P. W. Murphy ^ estimates that 
there are only about 80 per c.cm. of air space in the moist well-drained 
condition, and N. Haarlov® estimates they occupy less than o-i per cent 
of the surface area accessible to them in this condition. They appear to 
decompose the organic matter very slowly for Murphy found almost as 
many in a litter layer that had been ploughed under to a depth of 
9 inches twenty years previously as in the surface soil of a heathland 
planted to sitka spruce {Picea sitchmsis). 

larvae of beetles and dipterous flies 

The larvae of several beetles and dipterous flies live in the soil and 
can be ‘important burrowers and channeUets in it. They occur in 

‘ Ecology, 1936, 17, 359, and Qyarl. Bn. Biol., 1940, 15, a8. 

’ J. Soil Sci., 1953, 4, 135. *SoU Zoology, London, 1955, p. 167 
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considerable numbers in some forest soils, particularly in the mor layer, as 
can be seen from Table 40, and some grassland soils. They are normally 
saprophagous, but they will attack either the roots of agricultural crops 
or the young plant just above ground level. Among the principal agri- 
cultural pests on living crops are wireworms, which are the larvae of 
elaterid beetles, predominantly of the genus Agriotes^ and leatherjackets, 
which arc the larvae of crane flies (Tipulidae). 

ANTS AND TERMITES 

Ants and termites have many features in common. They are social 
insects living in nests, and for many genera these nests are in the soil. 
Some genera fill the soil with passages and chambers for their brood 
without making any mound, whilst others make mounds either out of 
surface or of subsoil without, however, mixing in any humic matter' in 
the way earthworms do. This channelling and burrowing in the soil 
can have a very appreciable effect on the aeration and ease of drainage 
of soils, and H. Hopp and C. S. Slater showed that they could be as 
efficient as earthworms in improving plant growth in this way.^ They 
are very active insects and can forage over very considerable distances 
for their food, so are common in land carrying a sparse vegetation, such 
as the fringes of deserts. There are genera in each group which harv^est 
green leaves, often of grasses, and bring them back to their nests to be 
used as a food base on which they cultivate fungi in special gardens or 
combs on which they feed. Some of the ants also collect the seeds of the 
grasses at the same time. In semi-arid country, particularly if the grass 
is scarce due to overgrazing, these insects can remove almost all the 
remaining grass, complicating the problem of rehabilitating the range 
enormously, and leaving it exposed to water run-ofl‘ and soil erosion. 
J, Thorp^ has described this harmful effect of ants in the Great Plains 
area in the centre of the U.S.A., where he finds 10-20 ant hills per acre 
each surrounded by a circle of bare soil from 6 to 40 feet in diameter, 
and W. G. H. Coaton^ describes the corresponding trouble with 
termites on similar rangeland in Zululand, South Africa. 

Ants differ from termites in that they are not confined to equatorial 
and sub-tropical regions, but are common inhabitants of temperate 
soils. They can also differ in their feeding habits, for many genera of 
ants are predaceous, feeding on the mesofauna and smaller or more 
immature members oi the soil macrofauna, including termites, of which 
they are one of the principal predators. They are not restricted to the 
soil fauna, but prey on insects feeding on plants and crops. A much 
quoted example ot the control of an insect pest by a species of ant is 

* Sod S(i., n)4B, 66. ^2I. 

^Sci. Monthly, 1949, 68, 180. 

^Farming in S. Afrka, 1954, * 9 , 243. 
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that of the Corrid bug Pseudotherapsis wayi causing premature nut 
drop of coconuts in Zanzibar and the coastal area of East Africa, 
which can be fairly effectively controlled by the ant Oecophylla longinoda. 
Unfortunately this ant is itself preyed upon by three other species^ 
which do not feed on this bug, and we have yet to learn how to control 
the fortunes of battle between warring species of ants. 

Ants also differ from termites in that some genera cultivate aphis or 
coccids in their nests and feed on their exudates. These “milch cows” 
may either be cultivated on roots of plants, particularly of grasses, or 
may be tended on the leaves of trees or other plants, and the tending 
includes protecting the aphis or coccid colonies against attacks 
by fungi and predators which would otherwise keep them in check.* 
The size of the ant colony may be controlled by the size of the 
colonics it can tend, and the damage done to crops by these colonies 
may be greater than any benefit that may accrue to the crop from the 
incidental reduction of insect numbers brought about by these same 
ants. 

Termites differ from ants in that many genera have developed the 
use of fungal gardens to a much greater extent, and use wood as the 
base on which to grow the fungi. They are in consequence the domi- 
nant insect in many of the woodland and forest soils of the equatorial 
and sub-cquatorial regions, the ants in these areas being ^primarily 
predaceous on them. 

Naturally the detailed habits of the different species of ants and 
termites, even if using the same general method of obtaining their food 
supply and living in the same kind of nest, differ very considerably. 
In spite of the importance of these animals in the decomposition of 
plant residues and in the control of the soil population, little is known 
about their biology, feeding habits or digestive processes. It is very 
difficult, for example, to count the number of these insects on an acre 
of land, or estimate the weight or kind of food they consume per year. 
Hence in the following account of termite activity in soils, there must be 
many gaps, and probably a good deal of faulty deductions from 
observations, which must be borne iif mind. 

Termites arc the dominant animals in many tropical soils, in the 
sense that they probably consume more organic matter per acre per 
year than any other group. H. Drummond,^ who was one of the first 
commentators on their activity, described them as the topical analogue 
ol the earthworm, a phrase that has often been quoted. The termites 
can be classified into a number of groups, such as the dry-wood termites, 
] J* Way, Bull. eni. Res., 1953, 44, 669. 

' ]. Way, Bull. ent. Res., 1954, 45, 93 and 113, describes the behaviour of the ant 

^erofifivlla longinoda in protcctini? colonics of the scale insect Saissetia zanzlbarensis on clove trees. 
'tropical Africa, London, 18B8. 
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which live in trees and therefore have no effect on the soil, the wood- 
feeding termites which are probably of more importance in the damage 
they do to buildings than in their effect on the soil, the fungus-growing 
termites and the humus-feeding ones,^ They can also be classified by 
the mounds they build, some building very large ones, others small ones, 
and others burrowing in the soil but building none, but having their 
nests at different depths. In Africa, Siam and Malaya all the large 
mound builders are fungus growers, but in Australia they are not. In 
Africa some harvester termites collect green leaves, and carry them into 
nests 10 feet or more below the soil surface, with the consequence that 
all the mineral nutrients in the leaves not required by the termites will 
be left far below the topsoil. 

Little is known of the effect of the so-called humus-eating termites qn 
the soil organic matter. They pass humus-rich topsoil through thetr 
gut, though whether they break down the humus in the soil or partially 
decayed plant remains or any fungi and other micro-organisms in the 
soil is not known. They do not, however, enrich the soil they excrete in 
humic matter as earthworms do; they are said to impoverish the top- 
soil, but it is not certain what is meant by this phrase. 

Some species of termites have very considerable ability to penetrate 
through hard pans and possibly into latcrite crusts, and termite activity 
certainly seems to be a factor in causing the particular structure of the 
vesicular or vermicular laterite crusts so common on the Miocene 
peneplains of central Africa (see p. 561 ).2 

The termites with the most spectacular effect on the soil, the large 
mound builders, belong to the genus Macrotermes in Africa. They are 
probably confined to “miombo”, that is, BrachyUegia-hoherlinia woodland 
which is characterised by having an adequate rainy season and a long 
dry one, and they cover hundreds of thousands of square miles of 
equatorial and southern Africa. The mounds can be 40-60 feet in 
diameter and up to 25 feet high, and their remains may persist long after 
a change of climate has changed the vegetation. The mounds are not 
inhabited all the time by the termite which built them, but serve as a 
shelter for other species of ants and termites, and some of these may 
inhabit the mound even when the building species is in occupation 
These mounds may contain hundreds of tons of earth above soil level, 
and commonly occur at a spacing of about one per i| acres, which 
gives a measure of the distance around the mound that these termites 
will forage. The important factor for most of these mound-building 
termites is an adequate wood supply. Soil soil type and depth, and 

example, W. V. Harris, Afr, A^tic. J., 1949, 14, 151, and Soil Zoology, London, 


237» 431) discussed this problem 
reference to the laterite crusts in French West Africa. 



TERMITE MOUNDS 


193 

topographical position arc unimportant, except they avoid wet sites 
though they may build on soil that has impeded drainage so is 
temporarily water-logged in the rains. 

The exact shape and architecture of the mounds depends somewhat 
on the species present and other local conditions, but no detailed 
description of these variations has been given. The mound consists of 
two parts, a compact outer casing and an inner nest. The soil forming 
the mound is subsoil, which may have come up from as much as 9 feet, 
though most is derived from depths of 1-3 feet, but the channels from 
which the subsoil is derived can extend far beyond the mound itself. 
The mound consists of sand grains, usually about 2 mm, in size, 
cemented with finer soil particles, below 0-2 mm., which the termite 
carries in its crop. If the soil is sandy the mound will usually have more 
clay in it than the surface soil, and this wuuld also happen if the subsoil 
is heavier than the surface soil. The casing is continually eroding 
away as it carries no vegetation if the mound is inhabited, though it 
gets grassed over or protected by trees if it is deserted. There is thus 
over a period of years a very considerable movem^ent of subsoil to the 
surface w^hich is liable to be washed down hill in the rains, so giving soil 
creep. This has the consequence that all particles larger than about 
2“ 4 mm. accumulate in a fairly definite ‘^stone-line” at the bottom 
of the zone of maximum termite activity, though this is not the only 
mechanism which gives this characteristic feature of many tropical 
soils. Little is known about the average rate of transport of subsoil 
10 the surface in these mound areas, but P. H. Nye,^ working in an 
area of rather small mounds, estimated it at I ton per acre per year. 
This figure should be compared with Nye’s estimate of 20 tons/acre of 
wormcasts produced during the six months of rain by the worm 
Hippopera nigeriae on a neighbouring area under a bush which shades 
tlu ground and has an abundant leaf fall. The soil in the cast is surface 
soil and is all finer than 0-5 mm. and mostly finer than 0-2 mm. 

Inside the casing is the nest, which is full of channels and contains a 
number of chambers filled with the fungus gardens. The soil is again 
subsoil but it tends to have a higher /;H and be more saturated with 
exchangeable bases than the original subsoil, presumably because at 
least part of the minerals present in the wood brought in are left behind 
in the soil when the wood has disappeared.^ The decomposition of the 
wood by the fungi is so efficient that this soil is hardly enriched in 
organic matter. One would expect the soil in the nest to contain more 
phosphate as well as more bases, but the evidence for this is incon- 
clusive, P. R. Hesse^ finding no extra phosphate but R, L. Pendleton* 

J. Soil ScL, 1955, 6 , 73. 

^ This has also been noted by J. B. D. Robinson, J. Soil Sci, 1958, 9, 58. 

^ol,i 1955, 43, 449 (East Africa). * Thai Sci, BulLs i94i, 3, 29 (Siam). 

. s . c.-~8 
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finding extra in some of the mounds he investigated. The fate of the 
minerals in the wood that is introduced has not yet been worked out. 

This lack of knowledge complicates the interpretation of another 
feature found in some mounds, which is a layer of concretionary or 
nodular calcium carbonate at the base of the mound. Hesse only found 
this in calcareous soils or on land with impeded drainage which collected 
calcium salts from higher land during the rainy season. But Pendleton, 
and C. G. Trapncll have found examples of accumulation sometimes 
on acid soils, where the only reasonable explanation seems to be that 
the calcium was derived from the wood brought in. 

There has been much discussion on the fertility of soils in a termite 
mound compared with the soil around it, but much of the incon- 
sistencies in the literature seem to be due to the elementary mistake o^ 
ignoring the fact that soil fertility is made up of many different factors. 
If the soil around the mound is acid and low in calcium, and the crop 
being grown is a calcium-demanding crop, such as sisal, one would 
expect to find better sisal on the mounds, and even on mounds that have 
been more or less levelled, than on the soil around; and this effect can 
be seen quite strikingly on some Tanganyika sisal estates. On the other 
hand if the soil has a reasonable /?H, and the surface soil is fairly well 
supplied with humus, the mound is likely to carry a poorer crop because 
since it is derived from the subsoil it will be lower in organic matter 
and is likely to release less nitrate nitrogen for the crop. Until more 
critical studies of the soil conditions are made in areas where the crop 
is better and where it is worse on the mound than on the surrounding 
soil, the matter must be left in this unsatisfactory position. 

Areas where these mound-building Macrotermes are common can 
be difficult to cultivate, because the mounds themselves are difficult to 
cultivate, and if knocked down with a bulldozer can be built up again 
surprisingly quickly. Since these termites are primarily wood caters, the 
hope would be they would soon die out, and this is seen in some areas of 
East Africa, but some of the termites start attacking annual crops 
instead and can be a very serious trouble. Again it is very difficult to 
maintain mulches on the surface oflhe soil in areas where soil-inhabiting 
termites of any kind are active, as they can be very rapidly harvested 
by the termites. 


Myriapods and Isopods 

Both millepedes (Diplopoda) and centipedes (Chilopoda) are present 
in soils, often in considerable numbers, and recently a nuijfiber of 
zoologists have begun to study them in considerable detail.^ In general 

^ lor a general account, see J. G. Blower, Soil J^oniogy, I^ondon, 1953, p. 138. 
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the food of the millepedes is decaying plant litter, and the centipedes are 
predaceous on the immature forms of the larger soil fauna. Some 
millepedes at least, and possibly all, are unable to digest cellulose, so 
must consume a very large volume of litter to extract sufficient sugars 
and other simple carbohydrates for their requirements, hence can be 
very important as mechanical comminuters and mixers of litter with 
soil. Some consume a certain amount of soil, possibly only soil on the 
litter but do not appear to excrete a mull humus but a mull-like moder 
m Kubiena’s terminology.^ In both the millepedes and centipedes 
there are species adapted for burrowing in the soil and species that 
mainly feed and live above or on the soil surface. 

The humidity of the air controls the suitability of the environment 
for both these groups of animals. Many species have little ability to 
control water loss from their body in a dry atmosphere, and many 
cannot control water intake if placed in water. A good forest mull, or 
the surface layers of forest soils with leaf litter forms a very favourable 
environment for most species. Hence forest soils that are not too acid, 
but for some reason are not suitable for high earthworm populations, 
such as acid sandy soils, usually have a high millepede population. 

In agriculture millepedes are found in some pastures, and may occur 
in considerable numbers in arable soils well supplied with farmyard 
manure, and these may be so high that they can be a pest for crops such 
as potatoes.® 

The wood-lice — isopods — are predominantly saprophagous or phyto- 
phagous, but their relative importance in the decay of organic matter 
and in altering the soil structure is unknown, though their gut may be 
a favourable environment for the humification of plant residues to take 
place.® They probably often thrive in sites too dry for earthworms. 
Thus N. A. Dimo^ has shown that they may be very active channellers 
and borrowers during the summer in semi-desert soils, that is, during a 
period when the earthworms are aestivating. He found them burrowing 
down to 2 to 3 feet and bringing up during the season about 2 tons of 
soil per acre in a condition of small crumbs with a mellow structure. 

Gasteropods 

Slugs and snails are the two soil representatives of the Gasteropods, 
and so far little is known about their distribution or numbers. Most are 
surface feeders, usually active in damp conditions, hence either burrow 
into the soil or into a dense, shady spot, such as under stones or leaves 

G. Blower, Trans, 6 th Int, Congr. Soil Sci, (Paris), 1956, G 168. 

^ For a discussion of the cause of high numbers, see J. L. Cloudsley-Thompson, Proc, ZooL 
‘SW., 1951, 121, 253. 

^ H. Franz, Bodenk. PftErndhr., 1943, 32, 336, ^ Pedology ^ 1945, No. 2, 115. 
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or in thick grass tussocks during the day. Some species of snails contain 
high concentrations of the enzyme cellulase in their gut, so obviously 
must digest cellulose, but it does not seem to be known if the principal 
soil-inhabiting slugs have this enzyme or if their food is confined to 
simple sugars. The forest floor is the well-adapted environment for 
them, and as B. Lindquist^ has shown, litter and fungi appear to be 
their principal sources of food. 

In agricultural soils, H. F. Barnes and J. W. WeiP have also shown 
that the food of slugs is usually dying vegetation, such as freshly fallen 
leaves, fallen and old grass, and so on, and that they mainly attack the 
actively growing parts of plants only when other food is scarce. They 
are therefore typically scavengers rendering old plant tissues mote 
usable by the smaller members of the animal population by excreting 
them in a macerated and partially digested form. Some slugs, such as 
species of Testacella, are predaceous on other slugs, worms and centi- 
pedes. Normally, the numbers of slugs on arable land is not very high, 
though in some areas they may damage potatoes. However, D. C. 
Thomas® has giveman example of a wheat-field carrying 600,000 slugs 
per acre and weighing about 400 lb., which is equivalent to about two 
sheep, but they are only serious pests in gardens and market gardens. 


The Soil-inhabiting Mammals 

Animals of the mouse family — mice, voles and shrews — and moles 
are present in appreciable numbers in some undisturbed soils, such as 
forest and prairie soils, and to a less extent in some pastures. Though 
their total weight per acre is only small, probably under 5 lb. in forest 
soils^ and up to 1 0 lb. on open ranges,® they can cause a very important 
loosening of the surface layers of the soil by honeycombing it with their 
burrows and nests, and many of them also transport an appreciable 
amount of sub-surface or subsoil and leave it on the soil surface as 
mounds.® Some semi-arid soils can also carry a population of mammals 
that burrow into the deeper subsoil, and these burrows may be filled 
in course of time with surface soil rich in humus. Thus, these soils have 
numerous channels of dark soil running in the lighter humus-poor 
subsoil as is shown, for example, in Plate VII. 


s Sallik. i Lund ForkandL, 1941, ii, Nr. 16. 

J. Amtnal FcoL, 1944, 13, 140; 1945, 14, 71. 

* *^3; >947. 34 . 246. 

Soc., 1940, 43 . >7*. and 
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THE GENERAL ECOLOGY OF THE SOIL 
POPULATION 

The various groups of soil organisms do not live independently of 
each other, but form an interlocked system more or less in equilibrium 
with the environment. This is obviously true for the predators, but it 
is equally true for the saprophytic species, for they are all competing 
for the available food supply, and each has developed a series of 
symbiotic and antibiotic relations with its neighbours for increasing 
its ability to get its share of the available food. Thus the composition 
of the population in any soil achieves a certain equilibrium which 
depends on the environment; and for any particular soil farmed on a 
definite system the equilibrium is fairly stable. Th? soil, in fact, usually 
appears to be fairly “well-buffered” biologically. Hence, if any parti- 
cular soil-inhabiting organism is absent from a soil it cannot usually 
be made an active component of the soil population merely by inocu- 
lating it into the soil;^ it can only be introduced by altering the 
environment either through the crops grown on the soil, the energy- 
containing material added to the soil, or the general environmental 
conditions of life in the soil itself. This limitation naturally applies 
with much less force if the organism has a close relationship with any 
of the crops growing on the soil. D. Parks® showed this stability of 
j)opulation appUed to some extent even if a foreign fungus was intro- 
duced with the food supply. He buried pieces of rotting grass, in which 
various saprophytic fungi were actively growing, in a soil and found 
that after a short time the soil fungi had displaced most of the foreign 
fungi from the rotting grass. 

This stability of the population naturally refers to the conditions 
holding under normal conditions: k may be upset when new sources 
of energy-material, such as plant debris, composts or farmyard manures 
are added to the soil, for these additions can cause a rapid, though 
temporary, rise in certain groups, particularly some of the fungi. 

The Distribution of Micro-organisms through the Soil Space 

The soil micro-organisms are not uniformly distributed throughout 
the soilt In spite of their very large numbers, there are relatively large 

’ For an example of an attempt to do this, see S. A. Waksman and H. B. Woodruff, 
Sml Sci., 1940, 50, 421. ® Trans. Brit. Mycol. Sac., 1955, 38, 130, and 1957, 40, 283. 
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volumes of the soil, on the microscopic scale, which appear to be un- 
occupied yet available for colonisation. A. Burges,^ who has stressed the 
importance of this fact, suggests that one of the major problems in soil 
microbiology is to obtain a proper understanding of the size and extent 
of the soil microhabitats. Direct microscopic observation shows that the 
fungi tend to congregate round particles of decaying plant and animal 
debris, and the bacteria live on these as well as on the surface of 
soil particles. 2 P. C. T. Jones and J. E. Mollison,^ using their direct 
staining technique, were able to show that the bacteria are present in 
colonies or clumps as is shown in Plate VII, and the proportion of 
clumps containing, say, n bacteria in the soil is proportional to x”ln^ 
where x is a number smaller than unity and depends on the population. 
Thus, the distribution of bacterial colonies and of bacteria in the 
colonies found in the soil of the permanent mangold field at Rothamsted 
is as follows: 


Number of bacteria iP9 the colony 

1 

2 

3 

4 

5 

6 

7 

and 

over 

Observed proportion of colonies In the 
population 

51 

23 

8 

7 

3 

2 

5 

Calculated proportion of colonies in the 
population 

53 

20 

10 

6 

4 

2 

5 

Observed proportion of bacteria present 
in colonies of each size . 

23 

21 

11 

12 

7 

6 

21 


These figures actually refer to the plot receiving 14 tons of farmyard 
manure per acre per annum, but the figures are almost identical for 
the unmanured plot, and for a plot receiving only fertilisers which has 
the same average yield of mangolds as the farmyard manure plot. Thus, 
this distribution may be characteristic of a soil and not strikingly 
dependent on the manurial treatment. 

The Rossi-Cholodny slide technique has been the method most 
extensively used for investigating the distribution of the soil micro- 
organisms. The technique consist!^ in burying a microscope cover slip 
in the soil, leaving it there for a certain time and then digging it up; 
and it is based on the assumption that the organisms developing on the 
slip are representative of those in the soil. This is only partially true 
because water tends to condense on the slide and many of the organisms 
which develop on it do so because they can grow in this water film. 
Again the aeration conditions around the slide tend to be better than 
in the body of the soil and it is difficult to ensure that the pockets of 

^ Micro-organisms in the Soil, London, 1958. 

* C. Rouschcl and S. Strugger, Naturwiss\, 1943, 31, 300; Canad, 7 . Res,, 1 948, 26 C, 188. 

® 7. hen, Microbiol., 1948, 2, 54. 
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good, medium and poor aeration on the surface of the slip are about the 
same as in the undisturbed soil. 

The results obtained by using this technique are entirely concordant 
with other knowledge, and will be described for three conditions — in 
fallow soil, in soil carrying a crop, and in soil to which fermentable 
organic matter has been added. 

In a fallow soiP only a sparse population develops on the slips, 
extensive development only taking place near pieces of organic matter. 
The bacteria seem to be mainly small organisms in small colonies, 
which appear to be pure cultures of the organisms and which may be 
compact or loose and composed of cocci or short rods. A few of the 
looser colonies often contain rather longer rods, all lying more or less 
parallel to each other. There are a number of isolated bacteria, com- 
monly short rods, scattered over the slide, long rods are scarce and 
usually occur near pieces of organic matter, and the larger cells com- 
monly occur in clusters of two to four. Actinomycetes are fairly 
common, usually occurring as a line of spores, or conidia, each about 
the size of small coccus or coccoid rod, and hence indistinguishable 
from them if occurring individually. Fungal mycelium is rare, and this 
often is attacked by bacteria. 

In cropped land the population does not differ in kind but becomes 
more numerous. Extensive bacterial development occurs around some 
plant rootlets, the colonies of coccoid or short rods becoming so dense 
that they cannot be resolved into their constituent organisms under the 
microscope. Actinomycetes in particular, and fungal mycelium to 
some extent, share in this general development, though they are not 
conspicuous in the immediate neighbourhood of the rootlets. 

The effect of adding fermentable organic matter can easily be seen. 
The population becomes much more dense, and typical groups of 
bacteria develop. Thus, adding sugars can give many Azotobacter-like 
colonies appearing on the slide, and adding cellulose many typical 
Cylophaga-like bacteria. This initial bacterial attack is often followed 
by development of fungi and actinomycetes, which are later attacked 
by other bacteria. ^ In acid soils, or When some types of organic material 
resistant to decomposition are added, fungi develop initially, but 
decomposition is slower than when bacterial development begins, 
llius, fungal mycelia can often be seen radiating from pieces of 
decomposing organic matter, though after a few weeks’ decom- 
position the fungi may be mainly represented by spores.^ But fungi, 
being large micro-organisms, can be seen directly in the soil with 
a suitabje microscope and their development followed. W. Kubiena 

^ See, for example, R. L. Starkey, Soil Sci,, 1938, 45, 207. 

® J. Zirmiccka, Z^L Baku 11 , 1935, 91, 379. 

• H. L. Jensen, Proc, Linn. Soc. N.S.W.^ 1934, 59, 200. 
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and C. E. Renn,^ for example, followed the development of different 
groups of fungi when various substances were added to the soil and 
showed that the species developing depended on the air supply, so 
that the fungal flora was not the same inside as on the surface of the 
soil crumbs. 

W. Kubicna” has stressed the control which the size of the soil pores 
has on the development of the soil fungi; typically their spores and 
fruiting bodies are smaller, and sometimes much smaller, in the soil 
where space is restricted than in pure cultures where there is no such 
restriction. This dwarfing effect of the soil pore-space on the size of 
organisms affects protozoa and diatoms; thus, both he and M. 
Koffmann^ found the largest ciliates present in the soil were only i8 to 
22 fjL in size, whereas they often attain 6o [x in cultures, and it als^ 
controls the size of some of the arthropod population, for W. Kiihnelt* 
found that soils with large pores contained larger mites than soils with 
small pores. This control is naturally not effective for those organisms 
possessing the power of increasing the pore size, such as the burrowing 
and channelling invertebrates. 

The weight of the different organisms in the soil cannot yet be 
determined accurately, largely because of the great uncertainty in the 
weight of the individual organisms. A Rothamsted arable soil contain- 
ing 3 per cent organic matter, or, say, 60,000 lb. per acre of dry organic 
matter in the top 6 inches of soil, will contain about 3,000 million 
bacteria or similar-sized cells and about 30,000 flagellates and 20,000 
amoebae. The dry weight of the bacteria was estimated at up to 
650 lb. per acre on p. 147, and this will include most of the actino- 
mycetes. The amount of dry matter in the fungal hyphae and spores 
is not known, but if one assumes that there is about 40 metres of 
mycelium per gram of soil, as suggested in Table 45, and this has an 
average diameter of 5 fx, there will be about 1,500 lb. of fungal mycelium 
per acre, if it is all alive. However, a proportion of this is undoubtedly 
dead, so the organic matter content of the mycelium will probably be 
less. But a dry weight of 300 lb. per acre is possible, which is comparable 
to that of the bacterial. A rou^h calculation gives the weight of 
protozoa as about 150 lb. per acre live weight, or 30 lb. per acre dry 
matter, and Table 39 suggests that the soil fauna, excluding the protozoa 
and nematodes, have a dry weight of 100 to 200 lb. per acre. Therefore 
a very rough calculation indicates that the weight of the dry matter in 
the soil population in an arable soil may be of the order of 1,200 lb. per 
acre, or something between i and 2 per cent of the organic matter. 

I ^bl. Bakt, II, 1935, gx, 267, , 

^ Micropedology, Anics, 1938. 

^ Auk. MikrohioL, 1934, 5, 246. 

* Quoted by P. W. Murptiy, J. .Vo// Sci., 1953, 4, 1 55. 



ENERGY AND NUTRIENT SUPPLIES COMPARJID aOI 

The Effect of the Energy Supply 

The general requirements of the soil organisms are the same as those 
r)f plants: energy, nutrients, water, suitable temperatures and the 
absence of harmful conditions. The great difference between them is 
I he source of energy: green plants derive their energy directly from 
sunlight, and the soil organisms — apart from the photosynthetic forms 
—obtain theirs either directly or indirectly from the products of plant 
metabolism. The size of the soil population is thus controlled by the 
rate at which energy-containing material synthesised by plants is added 
to the soil. 

The organisms derive their energy in different ways from the added 
plant tissues; some attack the dead or dying plant tissues, or even the 
tissues of the living plant, and these form the primary source of energy 
fur the remainder of the population, which is either predaceous on 
them while alive or else lives on the waste products of their metabolism 
nr on their dead bodies. The number, or the activity, of the micro- 
organisms is controlled by the amount of energy that.can be released by 
tlic decomposition of the added organic matter and, no matter how 
many stages or what organisms are involved in its degradation, only a 
KTtain definite amount of energy can be extracted; and this amount 
cannot exceed the energy set free when the organic matter is completely 
oxidised. 

The energy in the organic matter differs fundamentally from the 
nutrients in it. Nutrients can be used over and over again by an 
unending succession of organisms. An atom of nitrogen never loses 
its value; it might in the course of a single day form part of a fungus, 
a bacillus which decomposed it, an amoeba which ate the bacillus, and a 
bartcrium which decomposed the dead amoeba; for all these organisms 
one and the same atom of nitrogen would be a perfectly good nutrient. 

But energy cannot be used in this way. It is as indestructible as 
matter, but once transformed to heat, it cannot be used by micro- 
organisms or any other living things; whatever energy is dissipated by 
one organism becomes out of reach of the others. It follows, therefore, 
that no factor affecting the trophic life in the soil which does not add 
to the stock of energy material can permanently increase the numbers 
of all the groups; if one group increases, others necessarily decrease. 

The supply of energy and the turnover of nutrients thus become the 
chief factors determining the kinds and numbers of organisms in the 
soil. An exact measure of the amount of energy available to micro- 
organisms in a given weight of soil cannot yet be made, though the 
amount of energy transformed in a given period can be estimated by 
determining the total quantities at the beginning and at the end. 
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Estimates obtained from analytical data for two of the Broadbalk plots 
are given for illustration only in Table 44. 

This great increase in the amount of energy dissipated in the two 
plots is barely reflected in the numbers of micro-organisms present in 

TABLE 44 


Annual Energy Changes in Soil: Broadbalk 
Approximate estimates only 
Millions of kilo<alories per acre per annum 



Farmyard 
manure added 

No manure 
added 

Added In manure 

14 

Nil 

Added In stubble ...... 

2 

0-3 

Total added 

16 

0-3 

Net loss from soil 

Nil 

0-5-1 

Stored in soil ...... 

0-5-1 

Nil 

Dissipated per annum .... 

15 

1 

Per day: Calories 

41,000 

2,700 

Equivalent to the requirements of. 

12 men 

1 man 

The human food grown provides for 

2 men 

i man 


the soil, for whereas the farmyard manure plot is dissipating fifteen 
times as much energy each year as the unmanured, or as the neigh- 
bouring plots receiving fertilisers only, yet it has scarcely twice as many 
bacteria or protozoa, and only about the same number of fungi, as these 
plots, as can be seen in Table 45. Only the protozoa seem to be really 
dependent on the fertility of the soil, in the sense that their active 
numbers roughly follow the average wheat yield. 

Clearly, the organisms on the farmyard manure plot must be living 
much more actively than on the‘other plots, presumably because they 
pass a smaller proportion of their time in resting stages. 

So far as present knowledge goes, the soil organisms are living right 
up to their income in the matter of nutrients and energy supply. Any 
increase in the available organic matter capable of supplying energy 
at once increases the numbers of micro-organisms. Further, it appears 
to be a fairly general rule that, under natural conditions, the greater 
the number of soil-inhabiting organisms in a soil, the greater the 
number of species present, but this generalisation has not yet been 
adequately tested. 




OARBON DIOXIDE PRODUCTION 


203 


TABLE 45 

The Effect of Long-continued Applications of Farmyard Manure and 
Fertilisers on the Numbers of Micro-organisms in some 
Broadbalk plots^ 

Numbers per gram of air~dry soli 

Mean of six determinations made at monthly intervals from 20-1-48 to 23-6-48 


Treatment 

Unmanured 

Complete 

fertiliser 

Farmyard 

manure 

Plot number 

3 

7 

2 

Number of bacteria 




Total cells in thousand millions 

1-6 

1-6 

2-9 

On plates In millions 

Number of Fungi 

50 

47 

67 

Pieces of mycelium in millions 

0-85 

0-94 

101 

Length of mycelia In metres . 

38 

41 

47 

On plates in millions 

Number of Protozoa 

0-16 

.0-26 

0-23 

Total in thousands 

17 

48 

72 

Active in thousands 

10 

40 

52 


The Activity of the Soil Population 

fhc numbers of micro-organisms in a soil give no direct measure 
of the activity of the microbial population. The activity of the popu- 
lation is not a concept that can be given a quantitative definition, but 
for many purposes it can be measured by the amounts of either GO2 or 
heal evolved by the population, that is, by the rate at which either the 
oxidisable carbon compounds or the energy available for organic growth 
are being dissipated. Neither of these definitions gives a perfect measure 
ol the activity, for there is no necessary connection between the heat or 
CO, evolution of an organism and the amount of growth it makes; nor, 
in fact, are these two definitions always concordant, for the amount of 
CO, produced per calorie evolved increases as the oxygen tension 
decreases because energy-rich materials are then being either stored in 
or lost from the soil. 

In general, the CO2 evolution increases as the number of bacteria 
increases. D. Feher^ found a close correspondence between the bac- 
lorial numbers, as determined by the plating technique, and the CO2 

^ t-lnpubUshed observations of P. C. T. Jones, J. E. MoUison, and F, A. Skinner. I am 
>nu<h indebted to these workers for permission to use their data. The data for protozoa 
hnvt* l)een published by B. N. Singh, J. Gen. Microbiol., 1949, 3, 204. 

Arch, Mikrobiof,, 1934, 5, 421; 1938, 9, 193. 
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evolution at different seasons of the year for different soils, and con- 
cluded that the activity of the whole population rose and fell with the 
numbers of bacteria so determined. But H. L. Jensen^ found the CO^ 
evolution was poorly correlated with the bacterial numbers so deter- 
mined, but was sometimes well correlated with them when determiner] 
by the total cell count. The only conditions when the fungi seemed 
to contribute appreciably to the COj evolution was when there was 
a vigorous growth of mycelium on buried Cholodny slides, and this 
occurred for only one or two weeks after fermentable organic matter 
was added to the soil. 

I 

The Relation between Microbiological Activity and Soil I 

Fertility \ 

In the early days it was often noted that fertile soils had higher 
bacterial numbers, often higher nitrate contents and higher CO., 
evolution than infertile,^ and many attempts were made to measure 
soil fertility by so/ne simple procedure based on this result. There 
certainly can be a connection between bacterial numbers, GOg evolu- 
tion and soil fertility.® Thus, H. G. Thornton and P. H. H. Gray^ 
found a good correlation between bacterial numbers, determined by 
the total cell count method, and the yield of barley straw on some plots 
on Hoosfield, the permanent barley field at Rothamsted, as is shown in 
Fig. 15. But no general correlation between bacterial numbers and crop 
yields has been found even at Rothamsted, for Table 45 on p. 203 
showed that the total cell counts of bacteria on Broadbalk do not follow 
yields at all: Plot 3 and Plot 7 have about the same cell count, yet in the 
last ten years Plot 7 has had an average yield of wheat more than double 
that on the unmanured. Nor would a close correlation be expected, for 
the fertility of a soil is a very complex property, and the various factors 
contributing to it affect the microbiological activity in different 
ways. 

However, the activity of certain groups of organisms can be used toj 
measure the contribution of selected factors to the fertility of a soil. 
Thus, Azotobacter, which is sensitive to calcium and phosphate 
deficiencies, can be used to determine a deficiency of either of these.' 
Other organisms have also been used for measuring the phosphate 

^ Proc. Linn, Soc, N,S,\V., 1936, 61, 27. 

^ E. J. Russell, J. Agric. Sci.y 1905, I, 2G1; with A. Appleyard, ibid., 1915, 7, i. 

J- E. Neller, Soil Sci,, 1920, 10, 29; S. A. Waksman and R. L. Starkey, Soil Sci,j 1924. 

I7» Hn 

* Proc. Roy, Soc., 1934, 115 B, 522. 

H. R. CMstensen and O. H. Larsen, Bakt, II, 1911, 29, 347; Soil Scu, 1923, m 
329. Another technique using Azotobacter was developed by S. Winogradsky and J. Ziemi* 
Ann. Inst, Pasteur, 1928, 42, 36. For an application of* this technique to Rothamsted soil 
J. Ziemiecka, J. Agric. Sci., 1932, 22, 797. 
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status of a soil, such as the fungus Aspergillus niger^ and suitable species of 
Cunninghamellaf and the use of Aspergillus niger has also been suggested for 
measuring the amount of available copper in the soil.® 



2 ZiS 3 3-5 


Bacterial Numbers in Thousand Million per gram of Soil 

I iG. 15. Relation between bacterial numbers, determined by total cell count and the yield 
of barley straw on differently manured plots on Hoosficld. 

Biochemical Processes brought about by Soil Micro-organisms 

It is often important to study biochemical reactions taking place in 
the soil under conditions when one is not concerned with the actual 
species of micro-organisms responsible for them. Thus it is of great 
importance to study the rate at which compounds potentially toxic to 
the soil population or to plants are decomposed in the soil, and these 
include many present-day herbicides and insecticides. Again the actual 
c ompounds in which many inorganic elements occur is of great im- 
portance for plant growth, such as those containing inorganic nitrogen, 
sulphur, manganese and iron, and these also arc closely controlled by 
the soil micro-organisms. 

Two general techniques have been developed to study the ability of 
the soil population to carry out certain chemical and biochemical re- 
actions, and the detailed chemical or enzyme processes involved. The 
more powerful of the two, and particularly useful if the substances 
concerned are water-soluble, is the perfusion technique in which a 

‘ A. Niklas, ^Isc/tr. Pflanz. Diing., 1^33, A 3*, 50; R. Martin, .-Inn. Agrmu, 1943, 13, 27. 

' A. Mehlidi, F,. B. Fred and K. Tniog, Soil Set., 1934, 38, 443. 

M. Smit, Ihoc, ^id hit. Congr. Microbiol. y New York, 1939, 693. 
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solution is repeatedly percolated through a column of soil, usually 
under well-aerated conditions, and the solution is analysed at suitable 
intervals to study the rate of progress of the relevant chemical reactions. 
This is very suitable, for example, for studying the rate of oxidation of 
an ammonium compound to nitrate, or the rate of detoxification of a 
herbicide. The other technique is the Warburg respirometer, in which 
a small volume of soil is placed in a respirometer and its rate of oxygen 
uptake and carbon dioxide production is measured. 

A study of the rate of oxidation of ammonia to nitrate in the soil 
perfusion apparatus will illustrate the type of information that is 
obtained using these techniques. If a dilute ammonium solution , is 
percolated through a soil, one typically finds that the rate at which 
nitrate is produced increases for a period of days, and then reaches a 
maximum value, and this rate will be maintained provided other soil 
conditions, such as the calcium status in this example, are maintained. 
If now a small amount of a substance which inhibits this oxidation is 
introduced, such as ethyl urethane, oxidation is much reduced or 
ceases, and will not begin for a period of days, weeks or months, but it 
will then increase again to its original value. If more urethane is added, 
still keeping it dilute, its effect will be short-lived, or even absent, and 
it is now possible slowly to increase the concentration of added urethane 
without the ammonium oxidation being inhibited, and it thus becomes 
possible to detoxify a relatively high concentration of urethane which 
if used initially would have inhibited the oxidation of ammonium for a 
very long time.^ Instead of urethane, nitrite could have been used to 
show this last effect, for soils can be conditioned to oxidise concentra- 
tions of nitrite which would have been toxic to the bacteria oxidising 
them if used initially at that concentration. 

An experiment such as this brings out three points of importance: 
there is a certain maximum rate at which a given amount of soil can 
carry out a chemical change; it takes the soil a period of time to de- 
compose an inhibitor of a biochemical reaction, but later on its addition 
has little if any effect on the reaction; and soils can be adapted to de- 
compose toxic substances at concentrations which if used initially 
would entirely prevent the reaction from taking place. 

The present interpretation of the first of these results is that the 
micro-organisms can only occupy a limited number of spots on the 
surfaces of the soil particles, and once they have multiplied up and 
occupied these spots, they cease to multiply, except to make good losses 
due to other organisms grazing on them. The organisms are fairly 
firmly anchored to these spots, as their cells do not appear in the 

^J* Quaslel and P. G. Scholeficld, AppU Microbiol.^ 1953, i, 282, and Proc. Roy, Soc», 
I955» X43, rj9- 
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percolating solution, and the spots are fairly specific to the organism. 
Thus J. H. Quastel and P. G. Scholefield^ showed that the sites for 
the ammonium and nitrite oxidising bacteria are different from those 
oxidising arsenites. Nothing is yet known about why the organisms 
stick to specific spots, nor on what soil particles these spots are situated, 
nor how specific they are for different organisms. This phenomenon 
may only be shown for reactions in which bacteria are the organisms 
responsible, as these are the only ones which have been investigated. 

The interpretation of the second result is that when a new compound 
is introduced into the soil, it may take weeks or months for a large 
population of an organism which can decompose it to build up. What is 
not known is whether these organisms were initially present in the soil in 
very low numbers as resting cells, so it takes a fairly long time for them 
to multiply up, or whether a micro-organism already present in the soil 
undergoes a mutation which enables it to carry out this decomposition. 
Under some conditions it would seem that the latter is probably correct, 
because of the very long lag period that is sometimes found. What is 
known is that the new organisms may be extremely specific for the 
particular chemical introduced. Thus in the example given above, the 
soil which will decompose ethyl urethane after an interval of time will 
not decompose methyl or propyl urethane. The interpretation of the 
third result is that organisms can be trained to become tolerant of a 
poison by conditioning them to relatively low concentrations which are 
not fully toxic, and gradually increasing the concentration. This effect 
is well known in conditioning bacteria to become tolerant to anti- 
biotics and insects to insecticides. 

The Break-down of Toxic Chemicals in the Soil 

This property of soils to acquire the ability to decompose compounds 
not normally present in them, but which may be toxic to the microbial 
population if used in high enough concentration, has been known for 
a long time. Thus soils can acquire the ability to oxidise phenol, cresols 
and hydrocarbons. 2 But interest has*recently centred round the ability 
of the soil to decompose the whole host of new synthetic substances used 
as herbicides and insecticides. These substances have been selected 
because of their ability to affect plant or animal life at very great 
dilutions, and their continued use in agriculture would be extremely 
dangerous if they persisted in tlie soil for long periods unchanged. The 
bind of result found for the decomposition of the urethanes applies 
<‘qiially to the herbicides. Thus a soil which has acquired the ability to 

J Soil ScL, 1953, 75, 279. 

"See, for example, R. VN'agntT, ^hchr. Garunosphvsiol.y 1914, 4. 289, and P. H. H. Gray 
aiul II. G. Thornton, Z^>L Bakt, Abt. 11 , 1928, 73, 74. 
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decompose the herbicide 2-4-D (2, 4, dichlorophenoxyacetic acid) will 
usually decompose MCPA (2, methyl 4, chlorophenoxyacetic acid) but 
not 2, 4, 5 T (2, 4, 5 trichloro phenoxyacetic acid).^ Again some of the 
organisms which decompose DNOC ( 2 , 4 dinitro-ortho-cresol) decom- 
pose any nitrophenol in which the nitro group is in the para-position, 
such as p-nitrophenol, 2, 4 dinitrophenol or 2, 4, 6 trinitrophenol, but 
they cannot decompose o- or m-nitrophenols or 2, 5- or 2, 6 dinitro- 
phenols.2 

Some compounds have a constitution that is so resistant to microbial 
attack that they will last for very long periods in the soil. Thus the 
herbicide CMU (Cl. CeH4.NH.CO.N(CH3)2) and other substituted 
ureas are fairly persistent, and the insecticides DDT and BHG (y- 
hexachlorobenzene) are very persistent and may remain in appreciable 
amounts in the soil for four to six years after commercial dressings,® and 
in the case of BHC it may cause a taint in potatoes, tobacco and other 
crops grown on a soil treated with it for up to this number of years. 

In all the examples which have been studied of the decomposition of 
organic compounds which are toxic to most of the soil organisms when 
they are added to a soil, the same general conclusion has been reached 
on the build-up of ability to decompose these active substances. The 
organisms responsible for the decomposition, in so far as they have been 
isolated, are bacteria. The substance must initially be present at a low 
enough concentration not to kill the majority of the soil organisms. It 
may remain in the soil undccomposed for a period of weeks or months, 
which is usually shorter in soils having a high than a low microbial 
activity, for example, in surface soils than in subsoils.^ The substance 
then begins to decompose, sometimes to another substance also ven^ 
difficult to decompose but not necessarily toxic and after a time it too 
decomposes.® Further additions decompose more quickly, and the 
concentration of the active substance can be slowly increased without 
affecting the rate of decomposition, until a concentration is reached 
which would have been definitely toxic to the soil population if it had 
been added initially. 

« 

Processes involving Inorganic Compounds 

Soils contain a number of inorganic compounds which can be changed 
chemically by the micro-organisms without becoming part of the 

^ L. J. Audus, Plant and SoiU 195I} 170. 

* 11 . L. Jensen and K. Gundersen, Nature, 1955, 175 , 341. 

*N. Allen, R, L. Walker et aL, U.S.D.A, lech. Bull. 1090, 1954; L. W. Jones, Soil Sdt 
*952, 73 , 237, and J. E. Dudley, J. B. Landis and W. A. Shands, U.S.D.A. Farmers Bull. 2040, 
* 952 . 

* A. S. TSewman, J. R. 'Ihomas and R. L. Walker, Ptoc. Soil Sci. Soc, Aum., 1952, 16 , 21. 

L. J. Audus and K. V. Symonds (Am. Appl. Biol., 1955, 42 , 174) give an example wht ie 
the intermediate is phytotoxic. 
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microbial protoplasm, and tliesc processes typically involve oxidations 
or reductions. Thus in well-aerated soils, in which all the inorganic 
substances are in their most stable oxidised state, the principal changes 
the soil organisms will bring about are the oxidation of inorganic sub- 
stances which were present in a reduced state in microbial or plant 
cells. Thus it is under conditions of only moderate aeration, such as 
occur in most soils, that biochemical changes involving the state of 
oxidation of inorganic compounds are most noticeable. 

As a general rule, soils contain micro-organisms capable of converting 
all the normal inorganic constituents to that state of oxidation or reduc- 
tion which would be predicted if they are to be in equilibrium with the 
oxidation-reduction potential of that soil. Typical reversible oxidation- 
reduction processes involving inorganic substances in the soil are the 
system nitrate-nitrite, sulphate-sulphide, manganese dioxide-manganic 
ions, and ferric-ferrous ions. There are naturally other oxidation and 
reduction processes going on, such as the oxidation of ammonium to 
nitrite, the reduction of nitrite to nitrous oxide or nitrogen gas, and the 
production of hydrogen gas and methane in very poorly aerated soils; 
and some of the oxidations and reductions may not be straightforward 
because of the production of organic substances which themselves may 
bring about a reduction process, and this applies particularly to the 
icrric-ferrous system. 

The organisms responsible for these oxidations and reductions arc 
usually bacteria, and certainly in some examples the species carrying 
out the oxidation are different from these carrying out the reductions. 
In general the oxidations arc carried out by specialised autotrophs 
whilst the reductions are brought about by unspecialised heterotrophs. 
Correspondingly an oxidation may involve several organisms: the 
oxidation of ammonium to nitrate involves two, and the oxidation of 
sulphur or even sulphides to sulphates several. The general course of 
these oxidations and reductions, and the intermediate products and 
the enzymes involved, are being studied, and it is possible that man- 
ganese and thiosulphates will prove to be involved in normal oxidation- 
reduction cycles operative in many •soils. ^ 

The study of what organisms are in fact responsible for any particular 
biochemical reduction or oxidation taking place in the soil can be very 
difficult, particularly if an observation made by S. M. Bromfield^ on 
sulphate reduction in soils turns out to be of general relevance. He 
J^howed that in some soils which were partially sterilised with carbon 
tetrachloride the addition of sucrose and ammonium sulphate caused 
hydrogen sulphide to be produced, even in reasonably well-aerated 
« onditions, due apparently to two species of bacterium which he isolated. 

* See, for example, J. H. Quastcl, Proc. Roy. Soc., B, 1955, ^ 59 » with H. Glecn, 

MiewhioL, 1953, I, 70, ^J»gen. MicrobioL^ 1953, 8, 378. 
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But he also showed that if certain other bacteria and fungi were 
present, the growth of the sulphate-reducing bacteria was not inhibited 
but that they ceased to produce hydrogen sulphide. Thus it is possible 
that some of the biochemical processes carried out by a micro- 
organism depend on what other micro-organisms are present in its 
neighbourhood. 

Symbiotic and Antibiotic Relations between the Microflora 

The various groups of soil organisms do not live independently of 
each other; they form an interlocked system more or less in equilibrium 
in a given soil, and most organisms have developed a series of symbiotic 
relations with their neighbours. It seems to be a characteristic of ajl 
micro-organisms that they excrete complex organic compounds when 
growing actively, usually only in very small amounts, and much of the 
symbiotic and antibiotic relations take place through the action of these 
substances on other organisms in their neighbourhood. These relations 
arc, however, rarely very specific, so that there seem to be no examples 
in the soil in which one organism affects or is dependent upon only one 
other organism. 

There are two types of beneficial interactions which presumably 
occur in the soil. Two organisms may be living together because one can 
use the excretion products of the other; and this will probably occur 
more commonly when the air or nitrogen supply is restricted, for then a 
greater proportion of the ingested carbon is usually excreted. Again, 
it is possible that two organisms living together can cflect a decom- 
position neither can do \vhen growing alone, and although there are 
few if any examples of this in the soil, there are numerous examples of 
two soil organisms carrying out a decomposition more quickly when 
growing together than w^hen alone. ^ 

Other soil organisms develop antibiotic relations with selected 
species, 2 which are brought about by their excreting substances into the 
soil solution that prevent the affected organisms from growing or that 
kill them by lysis, that is, by dissolving their outer membrane, llie 
fungus Penicillium notatum which excretes penicillin is such an organism, 
but in the soil the fungus Trichoderma viride is a much more important 
example, for it excretes two antibiotics — gliotoxin and viridin — having 
very powerful effects on the soil population and particularly on plant 
pathogens living in the soil. 

<*yimplc, A. Cr. Norman, Am, AppL Biol., 1930, 17, 575, and S. A. Waksman 
and 1. J. Hutchings, 1937, 43' 77- example when one bacterium is a ccllulo'jc 

see L. Enebo, Nature, 163, ^05, 

“ S. A. Waksinan, Suit Sc\.. 1937, 43, 51, and Brut. Rev,, 1941, 5, 23 1 , has given full historical 
reviews of the devclopmrni of these ideas and has descrilied many examplt^s of this 
bee also Ins book Microbial Auiagonhim and Auhbiotk SubUances, 2nd cd., New York, iyl7- 
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The ability to produce antibiotics is not confined to fungi, for it is 
also strongly developed by many actinomycetes and bacteria. At least 
half the soil fungi and actinomycetes probably produce such substances,^ 
but the proportion of bacteria producing them is probably much smaller. 
The substances so far recognised usually act only on other members of 
these three groups, but there are some bacteria, such as Pseudomonas 
aeruginosa and Ps. pyocyanea^ which produce substances that can kill 
species of soil protozoa belonging to the amoebae, flagellates and 
ciliates.“ These substances appear to have very varied chemical 
composition and are often named after the organism producing it, as, 
for example, penicillin, mentioned above. But just because these anti- 
biotics are produced in the soil, it does not follow that their concentra- 
tion in the soil solution is high enough to have any pronounced effect 
on the neighbouring micro-organisms, particularly since there are 
many soil organisms which decompose them in dilute solution. The 
7X)ne of action of these antibiotics is therefore probably confined to a 
region very close to the actively excreting organisms, and since these 
are often confined to pockets containing pieces of decaying organic 
material which forms a readily available source of energy for fungi, it 
is likely that concentrations of antibiotics sufficiently high to affect an 
appreciable volume of soil only occur in such pockets. Many anti- 
biotics arc inactive or are rapidly inactivated in neutral soils, but are 
relatively stable in acid soils, so it is probable that widespread control 
of micro-organisms will be more common in acid sands, such as acid 
sandy heaths, than in neutral loams.^ It is not yet known how far the 
power of producing these lytic substances goes hand in hand with the 
power of feeding on the lysed organisms. Some of the fungi and 
actinomycetes that can be readily grown on simple culture media and 
that can lyse the cells of suitable bacteria, can obtain at least part of 
their food requirements from these lysed cells. 

The quantities of these antibiotic substances produced, and their 
influence on the antagonised organism, depend on external conditions 
such as food supply, aeration and soil reaction, but the details of these 
dependencies must be worked out for each organism concerned though, 
in general, production is most rapid when the organism is growing 
rapidly on a suitable food supply. These antibiotic substances may 
collect in the subsoil, for A. S. Newman and A. G. Norman^ found that 
tlie microflora of an arable soil below the depth of cultivation responded 
to additions of fermentable material much more slowly than did those 
in the surface soil, and this response was not increased by inoculating 
the subsoil with some surface soil. 

^ R. L. Emerson et al., J. Bact.y 1946, 52, 357. 

‘ B. N. Singh, Nature, 1942, X49» 168; Brit, J, ExpL Path., 1945, 26, 316. 

K. G. jefierys, J. Gen. Microbiol., 1952, 7, 295. * Soil Set,, 1943, 55, 377. 
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Crops may perhaps sometimes suffer from these substances. Thus, 
R. A. Steinberg^ has shown that tobacco plants show morphological 
deformities if grown near some strains of non-pathogenic bacteria in 
otherwise aseptic conditions, and this was due to soluble organic com- 
pounds diffusing from the bacterial cells; and he could reproduce these 
symptoms by allowing a very low concentration of some organic 
compounds, such as the amino acid isoleucine, to build up around the 
roots.^ Now these symptoms are typical of “frenching” in tobacco, 
a disease not apparently due either to a nutrient deficiency or to a 
pathogenic organism. Hence, he suggested that the cause of frenching 
in the field is due to too high a concentration of diffusible microbial 
products accumulating in the soil near the tobacco roots. 

Bacteria can also be parasitic on soil fungi. Cholodny slides buriacl 
in soil repeatedly show portions of fungal mycelia being attacked by 
bacteria: one end of the mycelium appears free from bacteria, then 
comes a large concentration of small rods and cocci on what appears 
to be almost empty mycelium, and behind this the original line of the 
mycelium can be followed by colonies of bacteria outlining the old 
wall.^ The interpretation of this observation is not clear. P. C. T. Jones^ 
showed that even if the fungi were growing in the absence of bacteria 
the main fungal protoplasm appeared to keep in the growing parts of 
the mycelium, leaving the back parts almost empty, and it may be 
that the bacteria are simply attacking these nearly empty regions. On 
the other hand, R, L. Starkey^ considered that the fungal tissue on 
which the bacteria were living could not provide enough food for the 
development of all these bacteria, and assumed they can extract 
nutrients from the living mycelium before it is killed. Bacteria may, 
therefore, play an important role in limiting the amount of fungal 
mycelium in a soil, though their importance cannot yet be assessed 
as there are so many organisms in the soil that can feed on I'ungal 
mycelium; and, in fact, it seems that the life of any long piece of 
mycelium in the soil must be fairly short. These observations only apply 
to phycomycete and other fast-growing hyphac and not to the slow- 
growing rhizomorphs of basidiomyTxtes. 

These interrelations between the various members of the microfiora 
may be of considerable importance in the control of plant pathogens 
in the soil, for the growth of some pathogenic fungi can be inhibited by 
some common soil fungi and bacteria. R. Weindling® has claimed that 
the soil fungus Trichoderma viride can control the damping-off ol 

Res,, 1947, 75, 199. 

Science, 1940, 103, 329; J. Agrk. Res., 1947, 75> ^i. 

See, for example, D. M. Novogrudsky, Mikrobiologia, 1948, 17, 28. 

* I am indebted to Mr. Jones for this infonnarion. * Soil Set., 1938, 45, 207. 

Phylopath., 22, 837; 1934, 24, 1153; 26, 1068; with H. S. Fawrrd, 

Hilgardta, 1936, xo, i. He called the fungus T, Itgnonnn. 
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citrus seedlings by a Rhizoctonia^ and A. Lal^ that it can control Ophio^ 
bolus graminisy the fungus causing ‘Hake-all’’ in wheat and barley, 
J. P, Chadiakov^ has also claimed that bacteria of the genera Pseudo- 
monas and Achromobacter can control some Fusaria^ causing a wilt of flax. 

The great practical difficulty is to find means of encouraging these 
desirable fungi or bacteria to multiply, for they can only control the 
pathogenic organisms effectively if they are sufficiently active in the 
soil, that is, if they have an adequate food supply. It cannot usually 
be done by inoculating the desirable organism into the soil, as it will 
not be able to compete with the indigenous population for food, nor 
in general will adding an inoculum of a desirable organism already 
present help, for again the extra numbers of the organism will not 
usually be able to find enough food to keep them active. However, 
C. H. Meredith^ has reported what appears to be an exception to this 
rule, for he claimed to have reduced the severity of panama disease in 
bananas, caused by the fungus Fusarium oxysporum var. cubense by adding 
to the soil an inoculum of an actinomycete derived from the soil itselJ 
which is antagonistic to this fungus. 

The only way desirable organisms can have their activity increased 
is by altering the soil conditions. This can be done in two ways: either 
by adding organic matter and increasing the activity of the whole 
saprophytic population, and this will usually increase the activity of 
organisms that are antagonistic to specialised plant pathogens; or by 
altering the soil conditions in such a way that the desirable organisms 
can obtain a larger share of the available food supply. Thus, the fungus 
causing root rot in cotton, Phymatotrichum omnivorum^ can be kept in 
control in irrigated Arizona fields by adding lo to 15 tons of manure 
or other decomposable organic matter annually to the soil well before 
the cotton is planted.^ Weindling and Fawcett showed that the 
Rhizoctonia fungus causing damping-off of citrus seedlings could be 
I'ontrolled in the field by Trichoderma viride if the soil was made suffici- 
ently acid for the Trichoderma and similar fungi to multiply at the 
expense of the majority of the soil population. And the cotton root 
lot fungus can be attacked by saprophytic fungi in the roots of the 
cotton plant after harvest if the cotton plant is then cut below the 
crown; for this injury allows saprophytic fungi to enter the roots rapidly 
and destroy the root rot fungus in the process of attacking the root cells 
themselves.® Some further methods of controlling fungi attacking plant 
roots will be described later on pp. 228 et. seq. 

^ Ann, AppL Biol,, 1939, 26, 247. 

" Mihobiologia, 1935, 193. * Phyiopatk,, 1946, 36, 983. 

^ C. j! King, U,S, Dept, Agric,, Circ, 425, 1937; for corresponding results in Texas, see 
I' H. Mitchell et aL, J, Agric, Res,, 1941, 63, 535. 

^ K. Clark, V.S, Def)i, Agric., Tech, Bull, 835, 1942, 
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The problem is in some ways easier when the pathogenic fungus 
can only live in plant tissue, and is carried over in the soil in infected 
tissue, for anything that hastens the decomposition of the plant remains 
in the soil hastens the killing-out of the fungus. However, although 
the problem is easy in theory, it is difficult to find suitable methods in 
practice because the infected plant remains are usually resistant to 
decomposition. As an example, Ophiobolus graminis^ the cause of take-all 
in wheat and barley, is carried in the soil in infected straw, and it is not 
possible to get all the stubble decomposed between harvest-time in 
August and the beginning of the next growing season in March. But 
it may be possible to help the soil organisms in their work of destroying 
the pathogen if its resistance can be weakened in any way. In the 
particular case of Ophiobolus^ S. D. Garrett^ has shown this can be doni^ 
by depleting the soil of available nitrogen directly after harvest; for the 
fungus, which is growing in the nitrogen-poor straw, appears to need 
some soil nitrogen during this period. Hence, any device which does 
this, such as under-sowing the corn with Italian rye-grass or trefoil 
[Medicago lupulina)^ for young trefoil takes up soil nitrogen in autumn, 
will weaken the fungus.® When the rye-grass or trefoil is ploughed in in 
the spring, the readily available nitrogen in the green manure is released 
as nitrate which the young barley crop takes up. Since the resistance 
of corn to damage by Ophiobolus is increased as the general level of 
fertility, and of available nitrogen in particular, is increased, trefoil is 
preferable to Italian rye-grass as the under-sown crop. 


Interactions between the Soil Microflora and Fauna 

The standard example of the relation between the soil’s fauna and 
microflora is that between the protozoa and bacteria, though B. N. 
Singh’s work has shown that other protozoal-like organisms, such as 
myxobacteria, Acrasieae, giant amoeboid organisms and presumably 
myxomycetes all feed on bacteria as well. Bacteria, however, vary in 
their edibility to these different organisms: some bacteria appear to 
be readily eaten by them all, some by only a few, and a few appear to 
be inedible to all the organisms tested — these latter mainly being pig- 
mented bacteria which may secrete strong antibiotics. Thus, out of 
eighty-seven different bacterial species of various origin tested for 
edibility by five groups of these organisms, a soil amoeba, a myx- 
amoeba, a giant amoeba and two myxobacteria, twelve were eaten by 
all five groups, twenty-five were eaten by four, seventeen by three, 

1 Ann. Appl. Biol., 1944, 31, 186; 1948, 35, 435, 

ml example from the English chalk lands, see R. Sylvester, Agric.y 1947 ? 

54, 422, and S. D. Garrett, ibid., 425. > 5 » 
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thirteen by two, thirteen by one group only, and seven, confined to 
coloured bacteria most of which produced a red or a pink pigment, 
such as Chromobacterium violaceum and Pseudomonas aeroginosa, were not 
eaten by any.^ Thus, the great majority of soil bacteria can be eaten 
by at least one group of these bacterial feeders known to be present in 
the soil.* 

The soil fauna can affect the microflora in several ways: the larger 
saprophytic soil animals, by being motile, distribute both the decaying 
organic matter and some of the microbial population throughout the 
soil layer in which they arc working; for they will be ingesting food 
at one place, mixing it with bacteria in their gut, and excreting it at 
another. In fact, this process of comminuting and distributing dead 
plant litter throughout the surface layers of the soil is the predominant 
action of the larger soil invertebrates on the microbial population. 

Animals feeding on decaying organic matter, and particularly those 
that ingest soil at the same time, also affect the composition of the 
microbial population, for these animals will always be taking into their 
gut the micro-organisms attached to the plant residues or soil ingested, 
and be subjecting them to the action of their digestive juices, though 
whether they can in fact affect the composition of the microbial popu- 
lation is not known. It is possible that earthworms can depress fungal 
development in the soil by feeding on fungal mycelia, for it is an 
interesting fact, of unproven generality, that fungal mycelia only seem 
to develop abundantly in those soils of the temperate regions where 
earthworms are scarce, though more experimental w'ork is needed to 
establish the validity and interpretation of this generalisation. 

There appears to be another interaction of importance, this time 
between the soil invertebrates and the protozoa, for some of the sapro- 
phytic invertebrates carry a protozoal population in their gut to help 
digest some of the more resistant plant products, such as cellulose, 
which the animal appears to feed on. Thus, the digestive tracts or 
organs of some soil invertebrates constitute an important environment 
of the soil protozoa — an environment of presumably great activity.® 

The Effect of Soil Conditions on the Soil Microflora 

The composition of the soil population depends on soil conditions, 
particularly on the sources of energy available and on the air and water 
regime, but it does not show striking geographical changes. The same 
characteristic groups of bacteria, fungi, algae and protozoa arc much 

* F. J.tAnscombe and B. N. Singh, Nature, 1948, 161, 140. 

‘‘ For a recent review, sec H. G. Thornton and L. M. Crump, Rothamsted Atm* Rept^ 1 952, 
For an account of this, see E. A. StHnhaiis, Mkrohioh^y, Ithaca, N.Y., 1946. 
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the same in arctic, temperate and tropical soils, the differences between 
zones being far less marked than are those for the distribution of higher 
plants and animals. The reasons for this constancy of the soil popula- 
tion are to be sought, partly in the nature of the organisms themselves, 
partly in the soil as a habitat. It is possible, and indeed probable, that 
micro-organisms are less susceptible to environmental conditions than 
are the larger forms; also the biological conditions at a depth ol 
from 2 to 7 or 8 inches below the soil surface are more constant than 
on the surface itself; the temperature is more even (p. 359), and the 
atmosphere is almost always humid and nearly saturated: there arc 
no marked differences in degree of humidity such as affect profoundly 
the distribution of plants. 

The numbers of the bacteria in particular and their associated 
protozoa are constantly varying. The causes of these variations cannCt 
be completely analysed, for in a mixed interrelated population such 
as occurs in the soil, a change in numbers of a single species will 
automatically cause the changes in the numbers of other species. These 
fluctuations make it difficult to trace the effect of external conditions 
on the behaviour of any group of soil micro-organisms, and this diffi- 
culty can only be overcome by devising long series of experiments using 
proper statistical control to minimise their importance. 

Nearly all the work on the effect of soil factors on the numbers of 
the bacteria, actinomycetes and fungi has been done using the plating 
technique, so that many of the results given in the next sections are 
uncertain. It is very desirable that they be checked, using the more 
direct methods of estimating bacterial numbers and the amount of 
actinomycete and fungal hyphae present. 

SOIL moisture and soil temperature 

These two factors have quite different influences on two distinct 
aspects of the soil microflora: their numbers and their activity. The 
bacterial numbers in a soil appear to increase with increasing moisture 
content, a result found by every investigator, though it has only been 
established for numbers based on the plate count. H. L. Jensen,* 
working with a pasture soil in New South Wales, found the numbers 
of actinomycetes were almost independent of the moisture content, so 
that the ratio of actinomycetes to bacteria increased as the moisture 
content decreased, but the number of fungi increased with moisture 
content; whilst W. G. E. Eggleton,® using an English pasture soil, found 
the actinomycetes increased somewhat with moisture content, though 
not as much as the bacteria, but the number of fungi was independent 
of the moisture content. It is, however, probable that these fungal 

> Proc. Linn. Soc. M-S-fV., 1934, 59 . * Soil Set ., 1938 , 46 , 351 . 
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results reflect more the limitations of the technique used than their 
field behaviour, for H. J. Conn,^ using the Cholodny slide technique 
and soils incubated in the laboratory, found that fungal mycelia were 
prominent in the drier and absent in the wetter conditions — a result in 
accord with our general knowledge that many soil fungi thrive in fairly 
flry conditions but demand good aeration for active growth. 

The effect of the usual variations of soil temperature on the number 
of micro-organisms is still undecided. The careful work of Jensen and 
of Eggleton on pasture soils, and N. James and M. L. Sutherland® on 
a fallow soil in Winnipeg all failed to show any effect of temperature 
on the numbers of the soil bacteria if the associated moisture effects 
were eliminated. Eggleton found the number of actinomycetes 
increased somewhat with temperature, a result not found by Jensen, 
and neither found any effect of temperature on the number of fungi. 
On the other hand, D. W. Cutler and L. M. Crump,® using a fallow 
soil at Rothamsted, found the numbers of bacteria tended to decrease 
with increasing temperature, and D. Feher and M. Franck,* using 
Hungarian pasture and forest soils, found they incfeased. 

The effect of the season of the year on the number of bacteria, as 
determined by the plating method, appears to be small for soils that 
arc either fallowed or are under forest or permanent pasture; the linear 
icgrcssion with moisture content accounts for about half the total 
variability (variance) of the bacterial numbers in Jensen’s, Eggleton’s, 
and James and Sutherland’s® experiments. But the effect of an annual 
crop on bacterial numbers is considerable. James and Sutherland found 
1I1C number of bacteria in the wheat soil, reduced to a standard moisture 
content, was the same as the fallow soil at the end of May, but was 
nearly double that at the end of September. The effect of season on 
actinomycetes and fungi has not been so fully investigated. Under 
pasture conditions Jensen found less of the variability could be removed 
by the temperature and moisture regression, though Eggleton found 
about as much of the actinomycete as the bacterial variability could 
be so accounted for; whilst J. Singh,® working on the permanent wheat 
and mangold plots at Rothamsted, ‘found no apparent seasonal effect 
on the numbers of fungi or actinomycetes. 

The effect of the moisture content of the soil, or the tension of the 
soil water on its general microbiological activity has not been examined 
in detail. Fig. 16 shows the result of an old experiment by A. E. Traaen’ 

^ New York State Agrk, Expt, Sta,^ Tech, Bull, 204, 1932. 

* Canad, J, Res., 1940, 18 C, 435, 

* Problem.s in Soil Mkrohiolojiy, London, 1935, p. 14. 

^Arch. MikrobwI., 1933, 4, 447; 1937, 8, 249; 1938, 9, 193. 

• Canad, J. Res., 1943, 2i C, up* 

• Ann. Appl. Biol., 1937, 24, 134". 

Bakt. II, 1916, 45, 1 19.' 
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on the effect of moisture content, and this type of result is probably 
generally true, namely, that if the soil is too wet activity is restricted 
through poor aeration, that there is a relatively wide range of moisture 
contents at which activity is relatively little affected, but once the 
moisture content falls into the wilting point range the activity drops 
again, only this time fairly rapidly. 



Fig. 1 6. Effect of moisture content of the soil on the proportion of ammonia, added as 
ammonium sulphate, oxidised to nitrate. 


Variations of temperature cause many changes in the activity of the 
micro-organisms that are not connected with their number. The 
activity of all organisms increases with increasing temperature up to 
a maximum and then decreases jvhen the higher temperatures arc 
injuring the organism. Thus, the net effect of temperature on the 
activity of the soil organisms is the product of the number of organisms 
present and their individual activities; and the maximum activity 
usually occurs when the numbers are falling. The relation between 
temperature and activity can, however, become very complex when 
two or more organisms are living together. Thus, E. H. Richards* 
showed that the rate of nitrogen fixation by Azotobacter, living in the 
presence of starch-decomposing organisms of the Aerogenes group and 

* J. Agric. Sci., 1939, 29, 302. 
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feeding on the by-products of the decomposition, had two optimum 
icmperatures, the one at the higher temperature corresponding to low 
numbers but high activity due both to the temperature directly and also 
10 the more abundant food supply produced at the higher temperature 
by the Aerogenes bacteria. 

H. L. Jensen^ investigated the effect of temperature on the relation 
between the COj evolution of a soil and the number of bacteria it con- 
tained, and showed that as the temperature rose the COj evolved per 
1 ,000 million bacteria, as determined by the direct cell count, increeised 
from about 16 per cent of their dry weight per day at 15°C. to 30 per 
cent at 28° G. and to 50 per cent at 37° C., whilst if plate counts were 
used as the basis there was no clearly marked temperature dependence, 
and for some soils the CO2 evolution per day would be over sixty times 
the dry weight of the organism, which would correspond to higher 
rates than observed for young cultures of active bacteria growing under 
optimal conditions. He considered the fungi were inactive under these 
conditions. 

When decomposable organic matter was added, to the soil, Jensen 
found that the fungi, as measured by the abundance of mycelia on 
the Cholodny slides, came into prominence, and the density of myce- 
lium was correlated with the COg production; in fact, the multiple 
correlation of this and the total cell count for bacteria with CO2 pro- 
duction was about o-8. At low temperatures, 4° to 7° G., the importance 
of the fungi was small compared with the bacteria, at 14° to i6°G. it 
was about equal to that of the bacteria, at 28° G. it was considerably 
larger, and at 37° G. it was equal or less; but in all these cases this was 
only true for the first week of decomposition, after that the fungal 
activity fell off rapidly compared with the bacterial. 

THK EFFECT OF SOIL REACTION 

The effect of soil reaction can be very marked under conditions of 
extreme acidity, though, as will be discussed later in connection with 
plants (see p. 523), the effect of the hydrogen-ion concentration may 
be less important than associated effects such as the lack of calcium or 
phosphates, or the presence of soluble aluminium and manganese 
compounds. 

One of the most important effects of great acidity is the absence of 
burrowing animals, such as the earthworms, which mix the surface 
litter with the soil. Dead and partially decomposed plant material 
accumulates on the surface as a mat, and the population below the soil 
surface Jives under conditions of very small annual additions of nutrients. 
It is possible that fungi may be transferring nutrients from the mat to 

^ Proc, Linn. Soc. N.S.W., 1936, 61, 27. 
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the soil by sending their mycelia into each region, but the importance 
of this transfer has not been established. 

Acid soils probably carry a larger fungal but a smaller bacterial 
flora than neutral soils. Acid mor soils, whose pH usually lie below 4, 
are typically characterised by a profuse development of fungal mycelia, 
which are far less prominent on less acid mull soils (see p. 568). But 
if the acidity is not extreme, the evidence is not extensive enough to 
admit of any rigid generalisations. Thus the bacterial population on 
Rothamsted pasture soils is not dependent on pH in the range 3*8~5*6 
if bacterial numbers are determined by Thornton and Gray’s total 
cell count, though they are depressed at the lower pH if determined 
by the plate count. Jensen’s work, just quoted, suggests that the total 
cell count gives a more accurate estimate of bacterial numbers, with 
the consequence that at the present time it is best to assume that the 
total bacterial population is not very dependent on soil reaction. 

The type of bacteria present in the soil depends on the soil reaction. 
Nitrifiers, i.e. bacteria oxidising ammonia to nitrites and nitrates, are 
relatively inactive io acid soils, though the pH by itself cannot be the sole 
cause of this, as it also depends on the vegetation. Thus, C. Olsen ^ found 
that nitrates were produced down to pH 3-8 in Danish pasture soils, 
but only to pH 4-5 in forest soils, whilst H. L. Richardson^ found very 
little nitrate produced below pH 6 in a Rothamsted pasture. Again, 
the common species of the aerobic nitrogen-fixing Azotobacter are 
usually absent in soils with pH below 57. 

Very little definite information appears to be available on the effect 
of alkaline reactions on the type of micro-organisms present in the soil, 
though there is some evidence that nitrifying organisms may be limited 
by phosphate starvation under very alkaline conditions. 

Partial Sterilisation of the Soil 

The soil population can be greatly simplified, and undesirable groups 
of pathogens can be eliminated from the soil by partial sterilisation. 
This consists either in heating the soil with steam or in adding to it 
sterilising solutions such as formalin and carbon disulphide, and this 
treatment increases the fertility of the soil markedly for a time. 

Steaming soils is now normal practice in many glasshouse areas. 
Low-pressure steam is blown through the soil for a short time and this 
heats the soil sufficiently to kill most of the soil organisms and in parti- 
cular nearly all those parasitic on plant roots. The soil is then left for a 
few weeks, often after a good flooding to get the subsoil moist, j^ecause 
if a crop is planted directly after steaming it either grows very badly^ 

1 C.R, Lab. Carlsberg, 1923, 15, i. a 7 Agric. Scu, 1938, 28, 73. 
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or not at all, whilst after a short rest it makes excellent growth. Not all 
the consequences of this steam treatment are yet understood. In 
(reneral it causes a rapid rise in ammonium production, which may or 
may not nitrify after several weeks, ^ probably depending on how soon 
and how effectively nitrifiers are introduced into the soil. It also causes 
a rise in the soluble organic matter, and if the soil is rather acid, it may 
also cause a marked rise in the readily extractable manganese. ^ It is 
possible, but by no means certain, it is one or all of these three factors 
which cause the serious depression in plant growth directly after the 
steaming. The effect on the micro-organisms is that initially it depresses 
the number of bacteria and protozoa, but these are probably back to 
their normal numbers before very long.® The effect on the fungal 
population, however, is much more marked, and the range of species 
i\nd numbers present, may be depressed for I2~i8 months, even if fungi 
arc introduced into the soil.^ 

The effect of partial sterilisation with chemicals is somewhat similar, 

( xcept for the effect on the fungi. Formalin® and carbon disulphide® 
in particular kill most of the fungi, but encourages the Trickoderma viride 
group, and shortly after treatment they become the dominant group and 
remain so for many months. 

There is still no agreed explanation of these effects. E. J. Russell and 
11. B. Hutchinson,’ who first investigated the phenomenon in 1908, 
suggested that this process killed the protozoa, so allowing the bacteria 
l(j decompose the soil organic matter more vigorously, for it was known 
that the protozoa fed on the bacteria. Whilst it is quite certain this 
explanation is not correct, none of the others which have been proposed 
ii uni time to time have been any more successful in giving a reasonable 
cjiiantitative explantion of the flush of ammonium production, or 
incidentally of the humus decomposition, nor of why a heat-sterilised 
soil is such an unfavourable environment for fungi for such a long 
time.® 

These problems of partial sterilisation are gaining in practical 
importance at the present time with the introduction of relatively cheap 
sterilising agents, such as calcium* chloracetate and the chlorinated 

^ Sec, for example, J. N. Davies and O. Owen, J. ScL Fd. A^ric.j 1951, 2, 268, and 1953, 4 , 
and C. D. Oxley and E. A. Gray, J. Agric, Sci., 1952, 42, 353. 

“ I'. W. Walker and R. Thompson, J. Hort, ScL, 1949, 25, 19, C. K. Fujimoto and G. D. 
■'^Iicrman, J, Amer. Soc. Agron., 1948, 40, 527, and F. H. Dalton and C. Hurwitz, Soil ScL, 
66, 233. ' , . « 

B. N. Singh and L. M. Crump, J. gen. MkrobioL, 1953, 8, 421. 

^ N. R. Smith, Proc. Soil ScL Soc. Amer,, 1939, 3, 188, D. E. Bliss, Phytopath,, 1951, 41, 665, 
J. H. Warcup, Trans, Brit. MycoL Soc,, 1951, 34, 519, and J. E. Mollison, ibid., 1953, 36, 215. 

M. H. Warcup, Trans, Brit, Mycol, Soc,, 1951, 34> 5I9> I952» 35> 248. 

*13. E? Bliss, Phytopath., 1951, 41, 665. 

’ J. Agrk. Sci., 1909, 3, 1 1 ; 19*3? 5i 152. 

* Sec, for example, S. A. Waksman and R. L. Starkey, Soil ScL, 1923, x6, 137; Soils and FerU, 
II, 357; and 1. Szladits, ibid., 1952, 15 , 299, 
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hydrocarbons, e.g. D-D, which is a mixture of 1,3-dichioropropene 
and 1,2-dichloropropane. These chemicals have been found to control 
root-attacking nematodes in the laboratory and to give very con- 
siderable increases of crop when added at the rate of several hundred 
pounds per acre to eelworm-infested land. But it appears that at least 
under some conditions the chemicals are not affecting the nematodes 
in the field, ^ so the crop is not responding to the decreased attack of 
the nematodes so much as to the general increased fertility brought 
about by the partial sterilising effect these chemicals have on the soil. 

EFFECT OF DRYING A SOIL AND OF HEATING A DRY SOIL 

It has been known from time immemorial in India that heating a 
soil, either by lightly burning it or by burning stubble on it, will increase 
the yield of the following crop. This practice is known as rab and is 
mentioned in the Vedas, ^ and also by Vergil,^ who was aware that the 
benefit of this treatment was very short lived. A similar practice in 
areas having an intense dry season is to leave the bare soil exposed to 
the sun, so it gets baked out. This is again practised in India and in 
Egypt, where it is known as Sheraqi.^ Some investigations on these 
effects were made in the early 1920’s,® but only recently have they 
received the attention they deserve because of their great importance 
in tropical agriculture.® 

Drying a soil, or heating it and re-wetting it results in a flush of 
decomposition of the soil humus, and a flush of ammonium and then of 
nitrates, provided the soil has been inoculated with a little fresh soil 
before re- wetting; and this flush lasts for 5 to 10 days. The more in- 
tensely the soil is dried, the higher the temperature it is heated to and 
the longer the soil is kept dry, and the higher the organic matter 
content of the soil, the larger is the magnitude of the flush. Further, a 
soil can be dried and wetted a number of times, and on each re- wetting 
another flush occurs of only slightly less magnitude than the previous 
one. As a very rough figure, if a soil is dried to 100° C, about 1-2 per 
cent of the organic matter is decomposed at each flush. The cause oi 
this flush is presumably the same aS that found in the partial sterilisation 
of the soil, but it is not yet possible to say what fraction of the organic 

^ See, for example, D. G. O’Brien et al.y J, Helminth,, 1939, 17, 41; E. E. Edwards, ibid., 
51; D. Price Jones, Ann. AppL BioL, 1947, 34, 240. 

* “Like to a tender plant whose roots arc fed, 

^ On soil o’er which devouring Bames have spread”. 

Stones of the Buddha's Former Births, trans. H. L. Francis. 

* Georgies, Bk. 1, 84-93. 

‘See, lor example, J. A. Prescott, J. Agrk. Scu, 1919, 9, 216; 1920, 10, 177. 

^ example, A. F. Gustafson, Soil Sci,, 1922, 13, 173, and A. N. Lebediantzev, 

Soil Sci., 1924, 18, 419. 

* See, for e^mplc, H. F. Birch, Plant and Soil, 1958, 37, 9; 1959, 11, 262; i960, 12, 81 : 

I rop, Agric, (Tnn.), i960, 37, 3, from whose papers the data in the next paragraph arc taken* 
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matter becomes decomposable, or how the organic matter that was 
resistant to decomposition becomes converted into a decomposable 
form. The practice consequences of this effect in the field, particularly 
in regions having either erratic rainfall or a pronounced wet and dry 
season, are discussed in more detail on pp. 289 and 304. 

Much less critical work has been done on the effect of drying a soil or 
burning vegetation on the soil on the numbers of micro-organisms in the 
surface soil. J. Meiklejohn,^ for instance, working at Muguga, Kenya, 
examined the effect of burning on the micro-organisms in the top inch 
of the soil, and found it caused a slight reduction in the number of 
bacteria, whether determined by direct count or by dilution plates, 
which persisted for several months; and whilst burning initially caused a 
reduction in the actinomycete count, after a few weeks the actino- 
mycete numbers, as determined by the plate count, was higher than on 
the unbumed plots. 

^J.SoilSci., 1955, 6, 111. 



CHAPTER XIII 


THE ASSOCIATION BETWEEN PLANTS 
AND MICRO-ORGANISMS 

The Rhizosphere Population 

The influence of the plant roots on the soil population in theii 
neighbourhood is considerable, for plant roots, rootlets and root hkin 
may carry large concentrations of micro-organisms on their surfat^e. 
Not all the rootlets or root hairs carry these concentrations, and those 
that carry them are not necessarily uniformly covered with them. The 
interfacial volume between the plant rootlets and the bulk of the soil 
in which this population lives, is often called the Rhizosphere;* bui 
this volume has no exact bounds, for some of the rhizosphere populatiot 
may penetrate the* outer surface of the rootlet and some will extent 
into the neighbouring soil. 

The early work on the relations between the microbial population 
around the plant roots and that in the bulk of the soil was confined tc 
showing that more bacteria could be plated from soil in the immediate 
neighbourhood of plant roots than from soil well away from the roots, 
The Rossi-Cholodny slide technique can be made to give a cleai 
picture of the micro-organisms around rootlets,® but improved tech- 
niques employing either direct observation of the living rootlet iu 
situ or improved methods of fixing, staining, cleaning and mounting 
rootlets show that the Rossi-Cholodny pictures give only a partial 
picture. 

The picture obtained from viewing living plant rootlets in the soil' 
is that there are obvious concentrations of micro-organisms around the 
rootlets, but that there appear to be few in the body of the soil itself. 
Large colonies of small bacteria occur in clumps, or even sheaths 
around the rootlets, and large numbers of motile bacteria may be 
swimming in the thin water films around them, and actinomycete and 
fungal hyphac of various types can be seen on the surface or even 
penetrating their epidermal cells. This concentration of the microflora 
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round the plant roots encourages the development of predatory 
)rotozoa and nematodes which feed on this population.^ 

The size of this population has mainly been investigated using the 
)lating technique^ and since this may give numbers for the bacteria in 
he soil a hundredfold smaller than is obtained by the total cell count, 
t is possible that the rhizosphere effect might be in part a reflection of 
his difference between techniques, for as will be shown later, the rhizo- 
phere population tends to grow rather easier on relatively simple 
iiedia and to have a higher activity, hence to grow more quickly on 
he relatively concentrated nutrient media used in the usual plating 
cchnique. 

The significance of this population for plant growth is not fully 
inderstood. It probably helps the plant to extract phosphate® and 
)ossibly other nutrients from difficultly available compounds, though 
vhether this is entirely due to the higher COg concentration the micro- 
)rganisms produce around the root hairs has not been established, 
[lie population, on the other hand, must obviously derive some benefit 
rom the plant; presumably a proportion at least must draw their energy 
upply from the plant, pardy directly from the living and partly 
iidirectly from the dead or dying tissues, but no estimates are yet 
ivailable of die proportion of the carbohydrate fixed by the plant that 
s used by this population. 

In spite of these limitadons there is little doubt about the correctness 
)i the general conclusions reached by this older work, namely, that 
he soil in the immediate neighbourhood of the plant roots carries a 
arger, or possibly only a more active, population than that away from 
-he roots. It is consistent with all qualitative observations so far made, 
ind also with the evidence from the rate of COg production of the soil, 
tvhich is greater near the root than a litde way away from it. In fact 
R. L. Starkey^ found that diere was a rough correlation between the 
rate of evolution of COg by roots and the number of bacteria in the 
rhizosphere, suggesting that the microbial population on the root makes 
an appreciable contribution to the rate of COg evolution in the immedi- 
ate neighbourhood of the root surfaefe. 

It is still more difficult to assess the relative importance of the rhizo- 
sphere population compared with the general soil population when 
expressed as the proportion of the bacteria present per acre of soil in 
these two populations. N. A. Krassilnikov® has made a rough estimate 
of uncertain validity and concludes that there is probably about twice 

’ also H. Katznelson, Soil Sci,f 1946, 62, 343. 

‘ H. L. Starkey’s work {Soil Scu, 1929, 27, 355 > 433 J * 93 *> 3 *» 3 ^ 7 ) h a good illixstration 
ot liic type of results obtained by these methods. 

C. Gerretsen, Plant and Soilf 1948, x, 51. 

' Sci., 1931, 32, 367. 

s.c. — 9 


^ Mihrobiologiof 1944, 13^ X44. 
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the weight of bacteria in the lucerne rhizosphere as in the body of the 
soil, namely, about 2 tons and i ton live weight per acre respectively; 
whilst the bacterial rhizosphere of a wheat crop growing in relatively 
infertile soil probably only weighs about 5 lb. per acre and, in con- 
sequence, is negligible compared with the rest of the population. 

The size of the bacterial rhizosphere population depends on the plant 
and on its stage of development, but is not very dependent on the 
fertility of the soil;^ though since the less fertile soil will often have a 
lower population, the difference in numbers between the rhizosphere 
and the soil populations may be higher in the less fertile than the more 
fertile soils. ^ For a given plant, the population is most numerous 
when it is making its most vigorous growth.® The effect of the type of 
plant has not been investigated critically, but under comparable coijjdi- 
tions clovers, sweet clovers and lucerne probably carry a consideraMy 
higher population than arable crops, including beans. 

The plant roots will sometimes supply a part of the population with 
simple amino acids and with growth factors such as aneurin and 
biotin. A. I. Virtanen^ showed that pea roots might sometimes excrete 
the amino acids, aspartic acid and p-alanine; P. M. West® showed 
that the roots of flax and tobacco could excrete growth factors such as 
aneurin and biotin; and H. Lundegardh and G. Stenlid® found that 
wheat roots could excrete nucleotides and flavanones. Further, Loch* 
head and other Canadian workers have shown that the rhizosphere 
bacterial population difl'ers from that in the soil as a whole by having a 
lower proportion of bacteria that require complex growth substances, 
such as yeast and soil extract, and a higher proportion with very simple 
requirements, although those on some crops, e.g. flax, require some 
simple growth substances and those on others, e.g. red clover, require 
amino acids as well.’ This presumably indicates that these crops excrete 
such substances, lending support to the hypothesis that leguminous 
crops excrete amino acids even when their root system is too young for 
the sloughing off of rootlets or nodules to be expected. 

The rhizosphere bacterial population differs from that of the soil in 
its morphological as well as its nutritional composition. R. L. Starkey^ 
showed that a large proportion of the rhizosphere bacteria belong to 

JF. E. Clark and C. Thom, Tram, 3rd Comm. Int. Soil Sci., New Brunswick, 1939? A, 94 * 

“ P. M. West and A. G. Lochhead, Canad, J, Res,, 1940, 18 G, 129. 

* H. Katznelson, Soil Sci,, 1946, 62, 343. 

* Cattle Fodder and Human Nutrition, Cambridge, 1038. 

^ Nature, 144, 1050. 

Arch, BoU, 1944, 31 A, No. 10. 

^ Wallace and A. G. Lochhead, Soil Sci,, 1949, 67, 63. For earlier work, sec A. G. 
L^hhead, Canad J, Res,, 1940, 18 C, 129; A. A. Hildebrand and P. M. West, ibid., I 9 
« Richardson, ibid., IQ43, 2i C, 249; A. G. Lochhead and 

R. H. Ihcxton, ibid., 1947, *5 C, 20. 

*SotlSct,, 1929, 27, 355, 
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the Radiohacter^ or in Conn’s terminology (see p* 150) the Agrobacter 
group which includes the nodule bacteria for leguminous plants. These 
are Gram-negative, non-spore formers, which may include some 
fluorescent types as well, but spore-formers are rare. Lochhead^ 
showed that the population has a higher activity, e.g. it contains a 
higher proportion of forms that are coloured and are motile and that 
will grow more actively in nutrient media than the soil population as a 
whole. 

Little additional knowledge about the occurrence of specific groups 
of bacteria in the rhizosphere is available. H. Katznelson^ found that 
the population around mangold roots appeared to have a higher 
proportion of cellulose decomposers and anaerobes, such as Clostridia^ 
than the soil as a whole, but that Azotobacter showed no concentration 
in the rhizosphere, a result in accord with much other work.^ M. I. 
Timonin^ found that manganese oxidising bacteria could be so preva- 
lent in the rhizosphere of some varieties of oats that the oats could 
not take up enough manganese, so suffered from grey speck disease, 
whilst other varieties of oats, growing under the game conditions, had 
a smaller population of these bacteria and could take up enough 
manganese. The numbers of manganese oxidisers in the rhizosphere 
could be increased and in consequence the severity of the grey speck 
symptoms, by applying a straw mulch to the soil; and the numbers and 
the grey speck symptoms could be decreased by adding partial sterilising 
agents such as chloropicrin, formaldehyde and even calcium cyanamide 
to the soil. 

Russian agronomists have, for a number of years, been adopting the 
practice of inoculating the seed of many of their crops with what they 
consider to be rhizosphere bacteria, so as to produce a population which 
will give the crop the maximum benefit. The bacterial culture usually 
\ised consists of strains Azotobacter y although the non-Russian evidence 
that this is a rhizosphere dweller is weak. R. Cooper,® who has re- 
viewed much of the Russian work, and visited many areas where these 
so-called “bacterial fertilisers” are used, states that this inoculation is 
considered to increase crop yields •by about 10 per cent on between 
50 and 70 per cent of the fields to which it is applied, and it is most 
likely to benefit crops on neutral soils, well supplied with phosphate and 
water. In addition a strain of Bacillus megatheriurriy which is claimed to 
increase the availability of soil phosphate to the crop, is sometimes used, 
either by itself or in conjunction with Azotobacter. Cooper comments, 

* Canad. J. Res., 1940, 18 C, 42. * Soil ScL, 1946, 6a, 343. 

^ ‘See, for example, F. E. Clark, Soil Sci., 1948, 65, 193. 

Proc^Soil Sci. Soc. Amer., 1947, 1 1, 284, For earlier work on this, sec F. C. Gerretsen, 
Bot., 1937, I, 207. For a possible example of zinc deficiency in orchards caused by 
rhizosphere bacteria, see D. R. Hoagland et at., Rioc. Amer. Soc. Hort. Set., 1938, 34, 210, and 
^ • A. Ark, ibid., 216. * Soils and FerU, 1959, aa, 327. 
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however, that few critical field experiments appear to have been made 
to justify this widespread practice, and that there is in fact no univer- 
sally accepted theory of why the crops respond to this inoculation; for 
some workers consider the effect may not be through increasing the 
nitrogen supply to the plant so much as through the bacteria either 
producing some growth-promoting substances, or destroying some 
plant toxins present in the soil close to the roots. 


Association of Fungi with Plant Roots 

Plants, even apparently healthy plants, carry a considerable fungal 
population in and around their roots in addition to the bacterial. The 
hyphae of some of these fungi penetrate the root, entering a few of the 
epidermal cells and sometimes killing them,^ but little is known in detail 
about either the spatial distribution of the hyphae — what proportion 
of their length lies on the root surface, what is in the soil itself, and the 
proportion of these hyphae which enter the epidermal root cells — or 
what are their principal sources of food. But the roots can also be attacked 
by fungi which, having entered the root, grow extensively within it, and 
which then need not have any living hyphae left in the soil. This associa- 
tion between the plant root and the fungus growing in it has been much 
studied by plant pathologists because some of these root-inhabiting fungi 
cause very serious crop losses, and since the plant roots become infected 
whilst growing in the soil, this association should also be of great interest 
to the soil microbiologist, although it has been relatively little studied 
by him. Our knowledge on this subject has been summarised in an 
excellent book by S. D. Garrett, The Biology of Root Infecting Fungiy^ and 
the following account is largely taken from it, for the book is a study 
of the ecology of fungi living between the soil and the plant roots. 

The root-infesting fungi can be divided into three groups: the mycor- 
rhizal, the specialised and the unspecialiscd root-disease fungi. There 
are a number of fungi which are transitional between the second and 
third groups and there are some perhaps between the first and second. 
The fungi, in general, belong to .Garrett’s sugar fungi nutritionally 
(see p. 158), that is, they can only use simple organic compounds for 
their food supply; but the specialised root inhabitants are ecologically 
confined to that habitat for normal growth. 

The unspecialiscd or primitive root-disease fungi, such as species of 
Pytlmimy Fusariuniy Veriicillium and Rhizoctonia {Corticium) solani, are 
normal members of the general sajirophytic soil population. They are 
typically responsible for the “damping off” of seedlings, that is, they can 

exani]>le, P. M. Simnionds and R. J. Lcdingham, Sci, Agrk., 1937, l8^ 

JJ. Oiyrinc, J/atis. Bit, AJycoL 6'oc., 1939, 23 , 210. They studied the fungaJ flora on 
roots, lii Canada and Rotliainsted respectively, 2 Cambridge, 195^* 
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only attack juvenile and not mature roots and plant organs* They kill 
the tissues they attack often by toxic exudates, which include pectin- 
hydrolysing enzymes; and they are fast growing if there is a suitable 
food supply present. They can only do serious damage to seedlings if 
the seedlings are checked in such a way that their tissues remain 
juvenile, as, for example, if the soil temperature is high enough to allow 
germination but sufficiently low to give very slow growth.^ The 
specialised Fusarium and Verticillium vascular wilt fungi fall into the same 
group, for they appear to be long lived in the soil, and can only attack 
juvenile roots, but once in the root they escape into the vascular system, 
and initially are confined there by the active resistance of the living cells 
to infection, though once a cell dies the fungus enters. Plant resistance 
to these vascular wilts thus occurs entirely in the root system. 

The specialised root-inhabiting fungi fall into two fairly distinct 
groups; the mycorrhizal and the root-rot fungi. They do not grow in the 
soil, except in so far as they are deriving their food supply from a root, or 
their resting sclerotia or other organs are germinating near a living root, 
'fhe mycorrhizal fungi are primarily sugar fungi and probably only attack 
either juvenile roots or the growing point of laterals, whilst the root- 
rot fungi have considerable power to decompose cellulose and possibly 
( ven lignin, and attack the more mature host cells, and show some 
degree of symbiosis with them, in that they do not initially kill or seriously 
disorganise the cells they arc attacking. Thus they usually take a consider- 
able time to kill the plant. They grow on the root surface before they 
penetrate into the root cells, and for fungi which attack mature tree 
roots such as Armillaria mellea^ Fomes lignosiis and F. annosus, their niycelia 
may run along a root for many feet before they send down branches 
into root cells themselves. Further, in undisturbed equatorial forests, 
A. rnellea grows over the surface of the roots of some species of trees as a 
weft without penetrating into the roots properly, provided the tree is 
healthy. Only if the forest tree is weakened, by a very severe drought 
for example, or if the tree is cut down, can the fungus enter the root 
properly and start growing actively inside it. And a plantation crop 
such as tea, which is usually considered to be susceptible to A. rnellea^ 
may carry rhizomorphs on the surface of its roots without suffering any 
J^erious attack if it is growing vigorously. ^ 

Plant roots have a certain resistance to attack by these fungi, which 
tile fungus must overcome before it can enter. Garrett has introduced 
the concept of the inoculation potential of the fungus in this context. 
A fungus with a high inoculation potential will have the energy or 


'F 
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or a fuller discussion of this see L. D. Leach, J, Agric, Res,, 1 947, 75, 1 61 . For an example 
maize, see J. L. Harper, Am, AppL Biol., 1955, 43, 696, and J\few Phytol, 1955, 54, 107, 

^956, 35. ... 

am indebted to Dr. I. A. S. Gibson f or this obsci-v’ation. 
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ability to overcome a high resistance to attack by the host, and one with 
a low inoculation potential will only be able to enter a root with a very 
low resistance. For a given fungus, the better the food supply at the 
point of attack, the greater is its inoculation potential. 

This concept of inoculation potential can be used to illustrate the type 
of attack caused by three quite different fungi. The fungus of “take-alP’ 
in wheat, Ophiobolus grammis^ only sends out very fine hyphae into the 
soil and can only infect the fine roots of susceptible Gramineae. The 
fungus of cotton root rot, Phymatotrichum omnivorum, sends out mycelial 
strands from the root in which it is living and it can infect the thicker 
roots of herbaceous plants, provided it starts from a fair-sized piece of 
root. Fungi causing the root rot of trees, such as Armillaria mellea and 
Pomes lignosus^ send out rhizomorphs starting from a large piece of tfiee 
root; and if the root of the tree is relatively resistant to attack, its resist- 
ance can only be broken down if it grows fairly close to the source of 
infection, so the point of attack is not too far away from the food source, 
and only after the fungus has built up a weft of mycelia on the root 
which then send a large number of branches down into the root more 
or less simultaneously — a method which obviously increases the inocula- 
tion potential of the fungus very considerably. 

A plant root can exist in three conditions in the soil, in each of which 
it carries a characteristic fungal population. It begins as an actively 
growing organism, it then becomes senescent though healthy, and it 
finishes up as diseased or dying. The micro-organisms which multiply 
round the diseased or dying root are the weak unspecialised pathogens 
and the saprophytes; whilst around the active growing roots are the 
true rhizosphere organisms and some of the specialised root parasites, 
and as the root becomes senescent so the populations change over. 

The rhizosphere population on the actively growing root appears to 
have an important effect on the susceptibility of that root to attack by a 
parasitic fungus. Thus the roots of those varieties of flax which are 
resistant to vascular wilt due to Fusarium oxysporum Uni have a smaller 
rhizosphere population than those susceptible, but they have a higher 
population of Trichoderma viride, possibly because these roots can main- 
tain a low concentration of hydrocyanic acid around them by excreting 
the glucosidc linamarin, and most of the pathogenic fungi are very 
sensitive to this; whilst at these concentrations the Trichoderma is, if 
anything, stimulated.^ Trichoderma viride in fact appears to be an excel- 
lent root-protecting fungus, partly because it excretes powerful anti- 
biotics, and partly because it can grow over the mycelia of root-inhabit- 
ing fungi which are on the root surface and kill them. * 

^ E. S. Reynolds, Ann, Mo, bot, Cdn., 1931, 18, 57, and M. I. Timonin, Soil Sci,, 1941, 
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There arc an increasing number of examples, either proven or by 
reasonable inference, in which the resistance of crops susceptible to these 
root-parasitic fungi can be increased by altering the soil conditions 
around the roots so as to encourage the growth of Trichoderma. It is, for 
example, more resistant to chemical sterilising agents than most patho- 
genic fungi, so treating a soil with one of these chemicals encourages its 
development (see p. 221). It grows more strongly in acid than cal- 
careous soils, as has been shown in detail by J. Rishbeth^ in his study 
of the susceptibility of pine roots to attack by Fomes annosus on some 
sandy East Anglian soils; for the Fomes attack was much more serious, 
and the growth of Trichoderma was much poorer on the calcareous than 
on the acid soils, Garrett has also suggested that this effect of soil 
acidity encouraging the growth of Trichoderma on root surfaces may be 
the explanation of some observations made by A. A. Hildebrand and 
P. M. West .2 They found that root rots of strawberries and tobacco 
caused by a complex of weak unspecialised root-parasitic fungi could 
be reduced by ploughing in soybean tops, which reduced the soil /?H, 
but not by red clover tops, which did not; and they, also found that any 
other soil treatment which reduced the soil plA was beneficial. 

Other organisms which are good producers of powerful antibiotics 
appear to be able to protect plant roots against the root-rot fungi in the 
same way that T. viride can. Thus F. M. Eaton and N. E. Rigler^ found 
that varieties of cotton that were resistant to Phymatotrichum root rot 
had roots carrying a much higher number of blue-green fluorescent 
bacteria of the Pseudomonas-Phytomonas group in their rhizosphere than 
had the roots of susceptible varieties. 

A point of great importance in the control of the specialised root- 
disease fungi of herbaceous and tree crops in the field is that when the 
plant is cut down, its roots do not die immediately, so for a considerable 
time the root will maintain its immunity to saprophytic and weakly 
parasitic fungi whilst becoming a better food source for the specialised 
parasite; and roots of some tree species that were resistant to infection 
by these specialised parasites when the tree was alive can lose their 
resistance and become attacked once it has been felled. Such roots will 


carry the parasite in the soil for a considerable time, which may be 
Tueasured in years in the case of trees, and are a source of infection for 
any new susceptible roots growing in their neighbourhood for this 
period. This source of infection is of great importance when one is 
converting natural forest, whose roots may carry a heavy population of 
^Tmillaria mellea or Fomes lignosuSy to plantations of susceptible crops 
such as^tea or rubber. 


Bot,, 1950, X 4 , 365; 1951, X5> 221. 

" Canad. J, Res., 1 941 , 14 C, 1 83, 199, and sec also H. Katznelson and F. £. Chase, Soil Set,, 
^9445 58, 473. •J. Agric. Res,, 1946, 7a, 137. 
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The current method of control, which was worked out by R. Leach^ 
for the control of A. mellea in tea, is to make the roots of the trees an 
unfavourable environment for the specialised fungus but a more favour- 
able one for the general soil saprophytes. Leach showed that this could 
be done if the roots were dead by the time the tree was felled, and this 
could be brought about by ring-barking the- tree down to the cambium 
leaving the outer xylem layers intact. This causes the starch reserves in 
the roots to become depleted, for the roots must use energy to translocate 
water and mineral nutrients from the soil to the crown of the tree 
through the outer xylem layers, but prevents any of the carbohydrates 
synthesised by the leaves being translocated to the roots, for this trans- 
location is through the phloem layers which have been cut by the ring- 
barking. When the starch reserves in the roots are depleted the root 
dies, and when all the roots are dead, so is the tree, though this process 
may take at least three years for a mature forest tree. When this dead 
tree is felled, its roots, being dead, are no longer a favourable habitat 
for the fungus. 

The Mycorrhizal Association between Fungi and Plant Roots 

Fungi have probably been living symbiotically with the roots of land 
plants ever since they evolved. When growing in association with algae, 
the combined organism is a lichen, but they occur in association with 
the roots of bryophytes, pteridophytes and higher plants, and their 
associations with the roots of the latter are known as mycorrhizas.- 
They are the fungal equivalents of the bacteria forming nodules on 
leguminous plants and the actinomycctes forming nodules on a range of 
other plants. The mycorrhizal associations can conveniently be grouped 
into four classes: those mainly betw^een some higher Basidiomycctes 
and Ascomycetes with the roots of many forest trees; those between 
some Basidiomycctes and orchids and those between a group of fungi 
and ericaceous plants, neither of which will be considered here; and 
those between a very characteristic group of fungi and the roots of many 
higher plants growing in suitable conditions, w'hich are only known as 
root inhabitants and are in fact very difficult to grow in culture media. 

MYCORRinZA OF FOREST TREES 

This association between a Basidiomycetc fungus and a tree root is in 
many ways similar to that between the specialised root-rot fungi, such 
as Armillaria and Fomes, and tree roots. They are typically sugar fungi 

^ Proc, Roy. Soc.^ B, 1937, 121, 561, and Trans. Brit. Mycol Soc., 1939, 23, 320. , 

* For a general review of mycorrhizal associations, see J. L. Harley, The Biology of 
rhizoy London, 1959, and Ann. Rev. Microbiol.^ 1952, 6, 367; E. Mclin, Ann, Rev. Plant Phy^’> 
1953, 4 > 325. 
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and ecologically obligate root inhabitants; the attack of a new root 
commonly begins by their hyphae running over the root surface; their 
h)'phae which enter the root do not initially kill any cortical cells in 
which they enter; the viable mycelium of at least some of the mycor- 
rliizal and root-rot fungi can remain in the soil in old rotten bits of root 
for many years^ and then infect new susceptible roots growing in their 
jieighbourhood; and they may be more sensitive than related sapro- 
phytes to antibiotics. They differ in that the mycorrhizal fungi appear 
in enter susceptible roots more easily than can the root-rot fungi, and to 
1 rmain a symbiont for a very much longer time. It is possible that there 
arc some fungi which are normally symbiotic but which can become 
mildly parasitic if conditions for the growth of the tree become un- 
la\'Ourable. 

There arc, however, species of fungi living in or on roots which show a 
bcliaviour intermediate between the specialised saprophytic and the 
specialised mycorrhizal fungus. In some genera there are species which 
aic jmrely mycorrhizal, others purely saprophytic decomposing cellu- 
]()!;(' and lignins, and others which in favourable conditions appear 
{ apablc of growing by either means, 

'Hierc are two distinct types of mycorrhizal associations on tree roots 
witli some intermediate types. Some fungi cause the formation of short 
mnny-branched structures on the sub-lateral tree roots which take the 
] >lacc of root hairs, as is shown in Plates X and XI for Scots pine and the 
dale palm. This structure is composed of both a mantle or sheath of 
hmgal mycelium enclosing the roots whose cortical cells are enlarged, 
and also of fungal hyphae filling the intercellular spaces, as can be seen 
IVoin the cross-section of the mycorrhiza reproduced in Plate XI* The 
immilc is often coloured, the colours ranging from white through golden 
1)1 own to black, and usually has a smooth surface, though it may be loose 
Imvc many hyphae radiating from it into the soil;^ and it is these 
sinictures that were originally called mycorrhiza, or fungus roots, by 
1*. I 'rank.^ This type of mycorrhiza is known as ectotrophic. The other 
( xtixane type, the cndotrophic, does not normally form a smooth mantle 
and its hyphae invade the cortical *cells of the roots without killing 
ilu in; and there are transitional types in which some hyphae are within 
and sonic bctw^ccn the cells, known as ect-endotrophic. 

1 itlle is known of the length of life of a mycorrhiza. On some northern 
pini s, they last a single season only, dying off in the autumn; the fungus 

' I' or an example of Boletus scaher and Amanita muscaria remaining viable in old rotten pine 
and giving mycorrhiza on birch roots, see G. W. Dimblcby, Forestry^ 1953, 26, 41. 

* I'dr dcscripiions and photographs of different types of mycorrhiza, see M. C. Rayncr, 
f oy \ and Toadstools f London, 1945, and J. L. Harley, The Biology of Mycorrhiza, London, 1959. 
' ^‘1 a hi‘;t<Jlogical study of a mycorrhiza on beech sec F. A. L. Clowes, New PhytoL, 1950, 49, 

oa. d(ut. hot Ges., 1885, 3, 128. Frank spelt the word mycorhiza. 
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probably rests in the soil over winter and reinfects the short roots of the 
sub-laterals when growth starts in the spring. In other trees it is probable 
that the fungus is always present in the root, and it infects new short 
roots by growing epiphytically over the root surface. 

Most species of tree have been found to carry mycorrhiza if grown 
under suitable conditions, and it is probably true to say that in most 
existing natural forests and in many plantations on suitable soils, 
mycorrhiza are normal features of the root system, whatever the tree. 
The fungi are usually Hymenomycetes, such as species of Boletus^ 
Amanita and LactariuSy but they include at least one member of the 
Gasteromyceres (puffballs), Rkizopogony and by inference truffles and 
truffle-like fungi, such as some Tuberales and Elaphomyces belonginjg to 
the Ascomycetes, as well as several fungi whose systematic positioiji is 
not known because their fruiting bodies have not yet been observed.^ 
A given species of fungus will usually form mycorrhiza on a number of 
tree species, and a given tree can carry mycorrhiza formed from a 
number of fungal species; and it is possible that most trees and fungi 
can be classified as^ carriers and producers either of ectotrophic or of 
endotrophic mychorrhizas. 

Mycorrhizas only develop freely on trees under three fairly defini 
soil conditions. They need a supply of organic matter in the soil, j 
develop most freely in the surface litter of the forest floor, and they ca 
often be encouraged in a mineral soil by adding leaf litter or compost t 
it. They need well-aerated soils and are inhibited by water logging an 
reducing conditions, so sandy soils are usually more conducive t 
mycorrhizal formation than clays or peat bogs; and loosening a hea\ 
clay, or draining a bog, often increases mycorrhizal development. The 
also need a restricted, but not too restricted, supply of nutrients, and i 
fact mycorrhizal formation appears to be the tree’s response to lo 
availability of nutrients. Thus mycorrhiza are more common on tn 
roots growing in a mor or raw humus layer, when practically evei 
organ carried by the shallower sub-lateral roots is a mycorrhiza, tha 
in a mull layer when mycorrhiza may be relatively few, which 
presumably connected with the higher availability of nutrients in th 
mull. On the other hand there are soils so low in phosphate or availabl 
nitrogen that adding a phosphate fertiliser on the one hand,^ or 
nitrogen on the other, will result in a strong development of mycoi 
rhizas and increase in tree growth and vigour. 

S. D. Garrett has discussed the ecology of these mycorrhizal fungi i 
the soil (see p. 228). They typically need simple carbohydrates such a 

^ E. Mclin, Handb. d, biolog. Arbeiismeth,, Abt. XI, Tcil 4, pp. 1015-I108 (1936), gives lis 
of fungi forming mycorrhiza on various trees. * 

* For an example with phosphate, sec A. L. McGomb, Iowa Agric. Expt. Sta., Ris, Bull 31^ 
1943; and with nitrogen, H. Hesselman, Medd. Skogsforsdhansty 1937, 30, 529. 
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sugars as their source of energy, whilst closely related non-symbiotic 
fungi can use cellulose and often lignin. Thus in the field they obtain all 
their carbohydrates from the roots they are living in and, as E. Bjorkman^ 
has shown, they most frequently occur on roots high in carbohydrates, 
which normally only occurs if protein synthesis is lagging behind carbo- 
hydrate synthesis in the tree, and this is likely to be a consequence of a 
moderate shortage of available soil nitrogen and phosphate. Although 
most of the fungi probably draw their carbohydrate supply entirely from 
the tree, yet some may obtain a part of theirs by decomposing some of 
(he cellulose or even lignin in the leaf litter in competition with the 
saprophytes, because they can draw on a readily available source of 
energy to increase their inoculation potential which is denied to the 
saprophytes. Some of the fungi are ecologically obligate root in- 
habitants and can only remain viable in a suitable tree root, either living 
or dead; but it is very difficult to prove in what form others remain 
viable in the soil, and whether they can grow saprophytically there. 
It is, however, probable that most of them can only grow actively in the 
soil if they are attached to a tree root, and their fruiting bodies must be 
allached to a root by a rhizomorph. 

The role played by the mycorrhizal fungus in the nutrition of the tree 
on Garrett’s picture is as follows: the fungus is well supplied with 
energy from the tree, so that part of it which is in the soil can compete 
, strongly for whatever nutrients are in short supply with the soil-inhabit- 
ing fungi that are growing slowly on the difficultly decomposable leaf 
litter. Ecologically this means that the mycorrhiza association will be 
most strongly developed on soils suitable for the growth of the particular 
tree except that the nitrogen, phosphate, or some other nutrient element 
’ is in rather short supply, which is what is observed. If any nutrient is in 
too short supply, the tree cannot grow strongly enough to supply the 
; fungus adequately with carbohydrate; and if the nutrients needed for 
protein synthesis are in good supply, the level of simple carbohydrates 
in the roots will also be too low for strong fungal growth. 

It is very difficult to estimate the quantities of simple carbohydrates 
i the mycorrhizal fungus withdraws f?om the tree, or to compare this 
I with the carbohydrate requirements of the additional feeding roots 
which would be necessary if the fungus was not there. There is, how- 
ever, no need to assume that the effective root system which the fungal 
: hyphae in the soil provides normally makes any larger energy demands 
j on the tree than the root system which it replaces, though this is pro- 
; bably not true on those occasions when the fungus produces a large crop 
lof fruiting bodies (sporophores or toadstools). The amount of fruiting 

; ‘ Medd. ShogsfdrsSksanst, 1941, 3a, as; Symb. Bot. UpstUiens., 194a, 6, 191 ; SvensL Bot. Tidskr., 

' 919 . 43 . 333 - 
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TABLE 46 

Effect of Mycorrhiza on the Mineral Nutrition of Pine Growing in 

Poor Soil 


Per seedling 

White Pine^ 

Virginia Pine* 
on Iowan prairie 
soil 

Sampled 10/6/36 

Sampled 20/8/36 

Non- 

mycor- 

rhizai 

Mycor- 

rhizal 

Non- 

mycor- 

rhizai 

Mycor- 

rhizal 

Non- 
mycor- 
rhizai 
on soil 
with 

complete 

fertiliser 

Non- 

mycor- 

rhizal 

My^r- 

rhfZal 

Dry weight In mgm. 

160 

208 

181 

337 

550 

152 

323 

Nitrogen content as per 








cent of dry weight 

1-23 

1-48 

1-20 

1-60 

2*50 

t 88 

1-78 

in mgm. 

1-98 

309 

217 

5*39 

13-75 

2-87 

5-75 

Phosphorus content, as 








per cent of dry weight* 

0*08 

013 

007 

0-21 

0-24 

0-097 

0-184 

In mgm. 

013 

0-27 

013 

0*72 

1-32 

0-15 

0-60 

Potassium content, as 








per cent of dry weight 

0-55 

0-50 

0*45 

0-63 

110 

0-63 

0-66 

in mgm. 

0-88 

103 

0-81 

212 

605 

0-96 

2-17 

Number of mycorrhizal 








roots 

— 

— 

— 

— 

— 

7 

350 

Number of non-mycor- 








rhlza! roots 

— 

— 

— 

— 

— 

279 

321 


bodies formed in any one year, and the proportion ol* years in which 
any are formed, depends very much on the climate and other factors 
which have not been worked out; but L. G. RomclP quotes figures for a 
typical crop under spruce in Denmark in a favourable year. The fruit- 
ing bodies contained about 160 lb. dry matter and 4I lb. of nitrogen ]>er 
acre, and ho estimated that the fungus would need to withdraw at least 
350 lb. of carbohydrate from the trees to produce this crop, which is 
equivalent to one quarter of the organic matter in the annual increment 
of timber in the trees. * 

Table 46 illustrates how the mycorrhiza increase the nutrient uptake 
of pine seedlings compared with uninfected roots growing under com- 
parable conditions; and it also shows that if the soil is well supplied with 
nutrients, the uninfected roots will take them up quite easily. This last 
conclusion may not apply to the root systems of all trees, for some have a 
relatively poor ability to take up phosphates even from fairly readily 
available sources, and many have a poorer ability than agricultural 

^ H. L. Mitchell, R. F. Finn and R. O. Roscndahl, Black Rock Forest Pap. No! 10, 1937 - 
^ A. L. McComb, J. Forestry , 1938, 36, 1148, 

® Simsk. SkogsvForen Ticlskr., 1 939, 37, 348. 
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crops. Thus A. L. McComW found that by adding phosphate to an 
Iowan prairie soil the growth of jack pine seedlings, as measured by 
their weight, was increased twenty-eight-fold whilst that of oats in the 
same soil by only 80 per cent; and this increase in the growth of the pine 
was brought about through a strong development of mycorrhiza. R. O, 
Roscndahl^ likewise found that pine mycorrhiza could extract more 
potash from orthoclase than could uninfected roots. 

A final point on the role of mycorrhiza in tree nutrition concerns 
leguminous trees in closed equatorial rain forests. C. Bonnier^ has 
iK)ted that, in the rain forests around Yangambi in the Belgian Congo, 
ihe roots of leguminous trees are covered with mycorrhizas but have no 
nodules, whilst in the open forest the roots are nodulated but do not 
enrry mycorrhiza. This point deserves more careful study, but if it is 
{oiind to be correct, the interpretation may be that in the intense com- 
p( tilion for all nutrients from the forest floor, only mycorrhiza can 
aunpete; whilst in the open forest, where competition will be less severe 
t)ut where the level of available nitrogen will remain low, the competi- 
linii is principally for nitrogen, which leguminoqs trees can bypass 
through nodulation. 

ENDOTROPHIC MYCORRHIZAS 

1 he endotrophic mycorrhizas are far more widespread than the ecto- 
trophic just described. They rarely have characteristic root forms — 
iliough the mycorrhizas on ericaceous plants are outstanding exceptions 
10 lliis^ — so their presence can only be recognised from a microscopic 
oxainination of root sections. They may, however, cause dwarfing and 
profuse branching of the rootlets carried by the main lateral roots of 
til cs.'' The fungi producing this widespread type of mycorrhiza cannot 
easily grow outside the living plant, and have not been observed to form 
tuiiiing bodies, nor have their range of host plants been investigated by 
pure culture inoculations. Hence, practically nothing is known about 
die number of strains that exist, and only little about their taxonomy.® 
d he typical fungi are phycomycetes, classified in the genus Rhizophagus, 

liich is probably related to the Endd^onaceae. The fungus winters in the 
"'Oil, attacks the plant roots when growth starts in the spring, and sends 
hyphae through and around the cortical and epidermal cells, but only 
iiiii ly into the endodermal cells and practically never into the vascular 

^ hwQ Agric, Exp, Sta., Res. Bull. 314, 1943. 

" Pror, Soil Sci. Soc. Amer., 1943, 7, 477- 
i J<,E. A. C., Sci. Ser. J^o. 72, 1957. 

1 or n description of these, see R. Friesleben, Jahrb. wtss. Bof., 1934, 80, 421, and 1935, 
F. Bain, J. Agfic, Res., 1937, 55, 811. 

H, Bouwens, ^bl. Bakt. II, 1937, 97, 34. 

* for an account of the taxonomy of tliis group, see E. J, Butler, Trans. Brit. Mycol. Soc., 
252 , 274. 
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tissues. The hyphae in some of the cells can take very characteristic 
shapes, such as vesicles or bladder-like organs, shown in Plate XII, and 
arbuscules or cauliflower-like organs composed of fine tufts of hyphae, 
shown in Plate XII, the latter typically occurring in cells near the endo- 
dermis. Hence, this group of fungi are often referred to as the vesicular- 
arbuscular type of mycorrhizal fungi. The vesicles seem to be of 
universal occurrence, both in the cells themselves and in the soil, and 
are probably storage organs for fatty substances when first formed. 
Arbuscules are of more erratic distribution — they are often absent in 
published descriptions — and rapidly undergo intracellular digestion as 
is shown in Plate XII. A third type of intracellular occlusion, known as 
pelotons, consist of coils or skeins of hyphae, and are illustrated in 
Plate XII, but these probably more often belong to a weakly parasitic 
Rhizoctonia than to a true mycorrhizal fungus. Typically, all the infected 
rootlets have died by the end of the growing season. 

This association can presumably have the same function as ecto- 
trophic mycorrhizas under some conditions and for some plants, but 
very little quantitative work has been done on it. It has not yet been 
demonstrated, for example, that its mycelium extends from the root 
cells into the soil. B. Peyronel found it on nearly all alpine meadow 
plants, and W. D, Thomas,^ in Colorado, found it extensively on plants 
growing above 7,500 feet, but much less commonly below 5,000 feet, 
observations which suggest it flourishes under conditions of low avail- 
ability of nutrients, though this cannot be deduced from them. G. 
Samuel 2 found it extensively on plants growing in phosphate-deficient 
soils of South Australia, and it was particularly strongly developed on 
oats growing in manganese-deficient soils. 

This association is also commonly found on the roots of a number 
of trees and shrubs of commercial importance, including the fruit trees, 
fruit bushes and strawberries of the north temperate regions, and citrus, 
coffee, tea and rubber in the tropics and sub-tropics, and also on many 
leguminous plants. Its significance is entirely unknown for most of these 
crops, though there is no reason to suppose that, when it is beneficial, it 
differs from ectotrophic mycorrhiztis. It does, however, appear to differ 
in the greater ease with which it can become parasitic if its host plant 
loses vigour for any reason. Thus, H. S. Reed and T. Fremont® found 
citrus roots in some Californian orchards carried numerous mycorrhizas 
which were perfectly normal in healthy trees, but were parasitic in trees 
growing in unfavourable soil conditions. F. R. Jones^ found leguminous 
plants, particularly those with a thick cortical layer of cells in their 
rootlets, such as the clovers, lucerne and peas carried extensive 

Pfytopath.^ 1943, 33, 143, s Trans. Roy. Soc. S. Aust.^ >926, 50, 245 - 

Phytopath., 1935, 255, 645; and see Rev. d. Cytologie, 1935, x, 327, for excellent drawings 
and photographs of the mycorrhizas. < J, Agric. Res., 1924, 459' 
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mycorrhizas, which did not appear to affect nodulation early on in the 
season. But these mycorrhizal rootlets tended to die off before uninfected 
rootlets, with the consequence that plant growth was brought to a 
standstill sooner than on those plants not carrying mycorrhizas.^ Thus 
some varieties of lucerne in Wisconsin made practically no growth in 
late summer as the larger part of their transient rootlets had become 
mycorrhizal in late spring and were dead by midsummer, leaving 
practically no absorbing rootlets to produce late summer growth. 

The endotrophic mycorrhiza can also be harmful if it weakens the 
roots sufficiently to allow pathogenic fungi to enter. Peyronel found 
that the mycorrhizal roots of many plants he examined usually carried 
a subsequent infection by Rhizoctonia, which are weakly pathogenic 
soil-inhabiting fungi. Strawberries have furnished an excellent example 
of this effect. At first the mycorrhizal fungus was suspected of being 
entirely harmful to strawberry plants by its action in depleting the 
cortical root cells of starch and weakening them so much that the 
pathogenic soil fungi — Fusarium, Pythium, Rhizoctonia, etc. — could gain 
entry and so cause serious root rot.® A. A. Hildebrand® was able to 
show, however, that healthy and vigorous strawberry plants also 
carried these mycorrhizas, but were sufficiently active to provide 
enough carbohydrate for the fungus without weakening its root system: 
it was only when they were unable to produce enough carbohydrate 
lor the fungus that it became parasitic. 

It is not easy to distinguish between endotropic mycorrhizal and 
other fungi in plant roots, as not enough is known about the eflfects of 
light infection by these other fungi. But typically they differ from the 
mycorrhizal in their simpler food requirements: they can usually be 
grown in pure cultures whereas the mycorrhizal fungi either do not 
grow at all, or else only very slowly; they often cause discoloured spots 
on the outside of the infWted root, due to necrosis of the cells they attack, 
whilst the mycorrhizal fungus merely causes a slight yellowing of these 
cells; and their intracellular mycelia do not usually suffer digestion 
easily, nor do they usually form organs of large surface, such as arbus* 
cules in the cell, though Rhizflctonia*ma.y produce pelotons which should 
be susceptible of digestion, though this only seems to have been de- 
scribed in some orchids,* which differ from the other mycorrhizal plants 
by being definitely parasitic on the fungus. 

’ J. Atm. Soc. Agron., 1943, 35, 625. 

* p. G. O’Brien and E. J. McNaughton, West of Scot, Agric. Coll., Res. BiAl. i, 1928; J. H. 
L. Truscott, Canad. J. Res., 1934, IX, 1. 

’ Canad. J. Res., 1934, 11, 18; with L. W. Koch, ibid., 1936, 14 C, ii. 

* A. Burgess, J^ew'Phj/toL, 1939, 38, 273. 



CHAPTER XIV 


THE DECOMPOSITION OF PLANT MATERIAL 


The Plant Constituents 


These form the primary material both for the food of the soil organisms 
and for the production of soil organic matter. They can be divided 
up into three main groups of material: the cell contents, the reserve 
food supply, and the cell wall and structural material. The first group 
is rich in proteins and sugars, and the second in starches, fats and 
proteins. The third group consists of two fairly distinct materials, the 
skeletal framework and cementing and encrusting substances. 

The skeletal framework is built up from cellulose and cellulosan 
fibres. Pure cotton cellulose consists of chains of glucose residues linked 
at the 1 :4 p positions, as shown in Fig. 17, but structural cellulose also 
contains some xylose and glucuronic acid residues similarly linked in 
the glucose residue chain. ^ The cellulosans of the angiosperms arc 
shorter chains, mainly of xylose and a few uronic acid residues similarly 
linked, as in Fig. 17, and in the gymnosperms there arc also chains of 
mannose residues, but their linkage has not been definitely established. 
The architecture of the skeletal framework is still under discussion; it 
is probably built up of micelles containing about a hundred oriented 
cellulose chains, each containing several hundred glucose residues with 

up to 20 to 30 per cent by weight of shorter cellulosan chains similarly 
oriented.® 


The cementing and encrusting material consists of two distinct groups 
of substances: polymerised sugar units and the lignins. The Ibrmer 
predominates in the young shoot but the latter in the mature. Initially 
the lignin only covers the cell walls and the outside of the cellulose 
micelles, but as the tissue matures it may encrust the fibres in the micelle 
also. The carbohydrates are normally arbitrarily divided into those sub- 
stances soluble in water or dilute acids — the pectins, gums and mucilages 
—and those soluble in dilute alkali— the hemicelluloses— though this 
group contains some of the cellulosans already mentioned. These sub- 
stances are built up of either glucose and the corresponding glucuronic 

. r™Vw .r ,h. 
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acid and xylose residues, or else galactose and the corresponding 
galacturonic acid and arabinose residues, though mannose and other 
residues sometimes occur. The gum molecules^ have probably short 
main chains with many shorter side-chains; pectin is possibly long chains 
ol galacturonic acid residues linked through the 1:4 a positions, as in 
starch; and the hemicelluloses short chain molecules containing an 
appreciable proportion of pentose and uronic acid residues. But our 



Fig. 1 7. Formulae of chains built from glucose units through 1:4^ linkages. 


know ledge of these substances is imperfect, and there are not yet any 
accepted methods in general use for separating and purifying the indivi- 
dual hemicelluloses, so that the interpretation of experimental results is 
complicated by the possibility that other molecules may be present 
besides the type under investigation. 

Two of the constituents can, however, be readily determined by 
boiling the material with 12 per cent hydrochloric acid — the pentose 
j sugar and the uronic acid contents. The former yields furfuraldehyde, 

' whirl) can be distilled off and estimated;* and the carboxyl group of 
die latter is split off and appears as carbon dioxide. Uronic acids, 
i unliirtunately, are not the only acids that give the reaction,® but no 
i uilirr acid that does has been suspected or isolated in plant material. 

! ! ,*** ^ Review of the constitution of plant gums, see E. L. Hirst, J, Cliem, Soc,, 1942, 70. 
l ')r an example of the precautions necessary for the determination of hemicelluloses, 
A B'wchem/j., 1929, 23, 1353. 

' Cj. Norman and J. T. Martin, Biochem. J., 1930, 24, G49. 
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lignins are richer in carbon and poorer in oxygen than cellulose, 
their typical analyses being 

Carbon Hydrogen Oxygen 

lignin 61-64% 5-6% 30% 

cellulose 44-5% 6-2% 49-3% 

but the lignins of most agricultural crops differ from carbohydrates in 
containing nitrogen,^ Thus the lignins of leguminous plants may con- 
tain up to 3 per cent, and whilst those of the grasses are usually lower, 
from I *5 to 2-o per cent, they overlap those of the legumes. The lignin of 
cereal straw has, however, a much lower nitrogen content, 0-5 per cent 
being perhaps a typical figure. The lignins of wood have a still lower 
nitrogen content. 

Lignins are composed of substituted phenyl-propane groups liilked 
together.® The phenyl group has a hydroxyl in the /ara-position and 
often a methoxyl on the mla, in which case it is known as the guaiacyl 



Phenyl propane Guaiacyl radicle Syringyl radicle 

radicle, and perhaps sometimes also a second methoxyl, as in the 
syringyl radicle. The propane may have a double bond, i.e. be a pro- 
pene, and also a hydroxyl. The position of the nitrogen is unknown, 
but it is probably present as a tertiary amine in a linkage similar to 
that in pyridine. Bondi and Meyer claim to have shown that the lignins 
of grasses, cereals and legumes are built out of three of these units and 
hence have a molecular weight of about 650. Further, they showed that 
grass lignins contained two methoxyls and leguminous lignins one 
methoxyl per molecule whilst each contained two phenolic and one 
aliphatic hydroxyls. The third phenolic hydroxyl that should have been 
present presumably takes some part in the polymerisation process. 

The Decomposition of Plant Residues 

The biochemistry of the rotting of plant residues in the soil has not 
been followed in any detail because of the lack of suitable analytical 

Biochem. J., 1948, 43, 258; E. R. Armitage, R. de B* Ashworth 
and W. S. fcrguson, J. Soc. Chem. Indust., 1948, 67, 241 . 

J "f lignins; see H. Hibbert, Am. Rev. Biochem., 194*. 

183: L. G. V. Percival, Ann. Rep. Chem. Soc., 1942, 39, 142. 
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methods, though the rotting or composting of plant residues, and 
particularly cereal straws, outside the soil has been studied in more 
detail. The interpretation of the analyticsd results is complicated both 
because of the deficiencies in methods of analysis commonly employed, 
and also because the rotting process includes the synthesis of microbial 
protoplasm^ and the excretion of products of microbial metabolism, 
both of which may react in the same way to the analytical methods 
as some of the initial plant products. The difficulty can be serious for 
substances containing uronic acids or yielding furfuraldehyde on acid 
hydrolysis, i.e. products of the hemicellulosc type; but it is greatest for 
the organic nitrogen compounds, and no attempt has yet been made 
to follow the course of their transformations during composting. 

The general course of the decomposition of cereal straws under 
normal conditions is reasonably well understood. Initially, the hemi- 
celluloses encrusting the cellulose fibres are strongly attacked, mainly 
by fungi, and this attack is accompanied by a considerable evolution 
ol heat and carbon dioxide. The most prominent feature of the attack, 
once this initial stage is over, is the loss of cellulpse, which accounts 
for the major part of the loss of organic matter. Thus, Norman, ^ 
working with oat straw rotting aerobically under favourable conditions, 
found that 100 gm. of oat straw, containing 23 per cent of free hemi- 
cclluloscs and 44 per cent of pure cellulose, lost 10 gm. of hemicellulosc 
and under i gm. of cellulose in the first four days, an additional i *5 gm. 
of hemicellulosc and 4 gm. of cellulose in the next four, and an addi- 
tional 1*25 gm. of hemicellulosc but ii gm. of cellulose in the next eight 
days; the maximum temperature was reached on the seventh day, but 
the maximum rate of heat production occurred between the second 
and sixth days. The reason for the slowing down in the rate of hemi- 
celliilose decomposition when only half has disappeared is presumably 
due to the inhomogeneity of this fraction. Finally, the products of 
microbial activity appear to be the main products undergoing de- 
composition (Table 47).^ 

A well-rotted compost contains little hemicellulosc or cellulose, 
but the relative times taken for these two constituents to fall to a low 
level depends on circumstances, Norman* found that a chaffed oat 
straw, rotting at 35°C, under good conditions, lost 99 per cent of its 
hemicelluloses, but only about a third of its celluloses in nine months* 
decomposition, but Waksman’s^ results on the whole indicate that the 
celluloses usually fall to a low level before the hemicelluloses. The 

^ ^ or an account of the composition of the body substances of bacteria, see J. R. Porter, 
^(^cteriai Chemistry and Physiology^ New York, 1946. ® Ann, AppL BioL, 1930, 17, 575. 

^ A. G$ Norman, Biochem. J., 1929, 23, 1367. * Biochem, J., 1932, 26, 573. 

Jice, for example, S. A. Waksman and F. G. Gerretsen, Ecology ^ 1931, 12, 33; S. A. 
'Waksman and F. G. Tenney, Soil Set,, 1929, 28, 55; J. P. Martin and Y. Wang, J. Amer, 
Agrou., 1944, 3 ^> 373 - 
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cause of the discrepancy is not known, but may lie in the different 
methods used to determine cellulose and hemicellulose. 

The course of the lignin decomposition has not been followed in any 
great detail because of the difficulty of finding specific tests for lignin. 
Lignin only decomposes slowly, and its rate of decomposition depends 
on its composition and on its admixture with other hemicelluloses; 
thus, J. P. Martin and Y. Wang^ have shown that the lignins in timothy 
and clover hay appear to decompose more easily than those in oat or 


TABLE 47 


The Disappearance of Hemicelluloses and Celluloses from ; 
Rye Straw during Aerobic Decomposition 

Temperature of decomposition 35° C. Extra nitrogen added as ammonium carbonate 
All weights calculated on the quantities initially present in lOOgm. organic matter 


Duration of decomposition 
in days .... 

0 

4 

8 

24 

84 

Organic matter 

100 

•97 

78 

62 

49 

Cellulose .... 

48 

mM 

33 



Associated Xylan 

9-0 

19 

8-9 

m 

4-2 

Groups in the Hemicellulose 
fraction : 

Uronic acid . 

4-5 

4-2 

30 

2-3 

1-8 

Anhydropentose 

170 

13-8 

7-4 

5-5 

4-2 

Pectin as calcium pectate . 

0-3S 

0-35 

0-41 

0-62 

0-85 


maize straw. The importance of the lignin fraction in decomposition 
lies in the fact that it renders some of the cellulose and possibly other 
constituents inaccessible to the microflora, hence the higher the lignin 
content of the material the greater is the proportion of cellulose that 
is encrusted with lignin and the slower is its decomposition. Thus, 
15 per cent of lignin seriously reduces the rate of decomposition of 
cellulose; 20 to 30 per cent, as is common in woods, slows up the 
decomposition so much that they cease to have any agricultural value 
as a source of humus; and a content of around 40 per cent, as occurs in 
coir, renders the fibre extremely resistant to decomposition, ^ 

The course of the decomposition depends on the relative rates at 
which the heat is produced and dissipated in the initial stages, for these 
determine the temperatures at which the decomposition takes place, 


^ J. Amer. Sor. A^t^ron.^ IQ44, 36, 373. 

*Sce, fur exan.pic, W. H. tuller and A. G, Norman, J. Bact,, 1943, 46, 29^; J’ 

Peevy and A. G. Norman, .Soil 6Vl, 194B, 65, 209. ^ ^ > 
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iuid hence the composition and activity of the microflora. These 
relative rates are controlled by the decomposability of the substances, 
the water supply and the aeration; a moist, loose, well-aerated heap 
decomposes and produces heat more rapidly than a compacted badly 
aerated heap, but if the heap is too loose it will also lose its heat rapidly. 

The effect of the temperature at which decomposition is taking place 
has not yet been worked out in detail. The general results seem to be 
that in the temperature range 5° to 30° C.,^ the lower the temperature 
oi decomposition the slower is the process, and after it has slowed down 
the smaller is the loss of organic matter and the higher is the organic 
nitrogen content of the compost. Low temperatures, in fact, as H. L. 
fensen^ has been able to show, directly encourage the accumulation 
of microbial protoplasm. At very high temperatures,® in the range 
,j Y to 75° C., both the loss of organic matter and the organic nitrogen 
(XMilent of the compost decrease with increasing temperature, probably 
(Ine to the increasing restriction of the microflora to specialised thermo- 
])!illic organisms, and to their tendency to attack proteins rather than 
((Hulose. In the range 30*^ to 45® G.,^ increasing temperature may not 
h;ive any marked effect on the loss of organic matter, but may allow the 
organic nitrogen content of the compost to increase. 

Tlie results arc unfortunately not clear cut, and the effect of the 
maximum temperatures reached during decomposition on the properties 
of composts and manures has not been properly worked out.^ If high 
temperatures, over 60® C., for example, are reached, it is possible that 
tlie humus is formed with less loss of organic matter, and that it is 
more crumbly, contains fewer volatile substances, i.e. has no smell, and 
fias a higher nitrogen content than if the maximum temperature only 
n\tchcd about 40^ C.; and this is the principle used by H. Krantz in 
method of composting fresh dairy manure by the hot fermentation 
or r.delrnist process. On the other hand, if the maximum temperature 
is k('pt low,® possibly under 20° C., the loss of organic matter is reduced 
and ilic nitrogen content increased, which forms the basis of the cold 
fermentation method of strawy manure. 

i he nitrogen demands of the mfcrobial population during decom- 
position are of obvious practical importance. On the whole, material 
containing less than i *2 to i *3 per cent nitrogen, on the dry weight basis, 
wiuTi rotting in the presence of ammonium salts will cause some of 
die ammonia to be taken up and converted into organic nitrogen 

\ S. A. Waksman and F. C. Gerretsen, Ecology, 1931, 12, 33. 

I'for. Linn. Soc. NS.W., 1939, 54, 601. 

j S. A. Waksman, T. C. Gorden and N. Hulpoi, Soil Sci., 1939, 47, 83. 

^ A. G, Norman, Ann. Appl. Biol., 1931, l8, 244. 

' for example, S. H. Jenkins, Imp. Bur. Soil Sci., Tech. Comm. 33, 1935 R. Junghahnel, 
“’ ''rnDumst. Sonderh. 17, 1941, 103; K. Maiwald, ibid., 45. 

M. Sailer and G. J. Schollcnbcrgcr, Ohio Agric. Expt. Sla., Bull. 605, 1939. 
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compounds. If the material contains more than i -8 per cent nitrogen, 
some of this nitrogen will be converted into ammonia during the 
rotting process, though if the nitrogen content is not much in excess 
of this, ammonia may be taken up and fixed in the initial stages of the 
decomposition. Materials with intermediate nitrogen contents, between 
i *2 and i *8 per cent, tend to have no net effect on the level of ammonia 
during the decomposition, though they also often take up ammonia 
initially and release it again later. ^ Fig. 18, taken from some of 
H. L. Jensen’s work,® illustrates these points. Thus, the rotting of 



Fig. 18. Rate of accumulation of ammonia and nitrate in a loam soil to which 5 per cent of 
various organic substances have been added. 

nitrogen-poor plant or animal remains in a soil will lower its content 
of mineral nitrogen, i.c. ammonium and nitrate ions, whilst the rotting 
of a nitrogen-rich material will increase it. But these effects depend 
somewhat on the type of material being rotted, and neither the nitrogen 
content alone, nor the ratio of the carbon in the material to the nitrogen, 
is a safe guide to the effect of the rotting process on the mineral nitrogen 
level in the soil. 

An experiment of Waksman and F. G. Tenney® illustrates these 
effects well. They added ground-up plant roots of varying nitrogen 
content to a soil and measured its nitrate nitrogen content during 
decomposition. They added to 28 lb. of soil sufficient material to 
contain 600 mgm. of nitrogen, incubated it for three months, then 
leached the soil well and determined the nitrate nitrogen in the 
leachates. The results, which are given in Table 48, show that ground 
clover roots, with a nitrogen content of i -7 per cent, contains just about 

^ For an example of this, see N. H. Parberry and R. J. Swaby, Agric, Gaz,, 

53 > 357 ; t arn indebted to Dr. R. J, Swaby for showing me a fuller report of these experiments 
^ntaining the nitrogen contents of the various materials used. C. N. Acharya et al. (Indian 
* 946 > *6, 178) obtained somewhat similar results. 

» J. Agnc. Sci., 1929, 19, 71. tSoU Set., 1927, * 4 . 3 ' 7 - 
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enough nitrogen for its own decomposition, but the other plant roots 
remove nitrogen from the soil during this process. 

The nitrogen demands during the rotting of a material can be 
specified by its nitrogen factor, which is defined as the number of 

TABLE 48 

Relation between the Nitrogen Content of Various Plant Roots and 
the Nitrate Nitrogen in the Soil 


Material used 

Nitrogen 
content of 
material 
Per cent 

Weight of 
material 
added 
Grams 

Nitrate 
nitrogen in 
teachings 
Milligrams 

Gain or loss 
of 

nitrogen 

Milligrams 

Control soil 



947 

.... 

Oat roots .... 


133 

207 

-740 

Timothy roots . 

0-62 

97 

398 

-549 

Maize roots 

079 

76 

511 

-436 

Clover roots 

171 

35 

925 

- 22 

Dried blood 

1071 

5-6 

1750 

-Jt 

+803 


grams of nitrogen, in the form of ammonium or nitrate ions, immo- 
bilised during the decomposition of 100 gm. of the material. The 
nitrogen factor, however, is not a constant for a given material, but 
depends somewhat on the conditions prevailing during the decomposi- 
tion. However, E. H. Richards and A. G. Norman,^ who introduced 

TABLE 49 


Effect of Duration of Decomposition on the Nitrogen Factor of 

Oat Straw 

Nitrogen content of straw, 0-30 per cent 


Duration of decomposition 





in days .... 
Per cent loss of organic 

8 

16 

24 

48 

matter .... 

13 

25 

37 

50 

Nitrogen factor . 

0 75 » 

0-67 

075 

0-80 


it to specify the amount of nitrogen that must be added to heaps of 
vegetable waste in the field to allow rapid decomposition, found that 
in farm practice it was sufficiently constant, both during the course of a 
rot and for a given material rotting in compost heaps under natural 
conditions, to be of practical value in farm advisory work. In the first 
place the nitrogen factor is not quite constant during the course of a 
rot, as is shown both in Table 49, taken from Richards and Norman’s 

• Biochm. J., 1931, 25, 1769. 
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work, and also by the fact, already mentioned on p. 246, that materials 
with a small negative nitrogen factor may remove ammonium and 
nitrate nitrogen, if available, during the early stages of decomposition 
and release it later on. In the second place, the nitrogen factor of a 


TABLE 50 


Effect of Treating Straw on its Decomposability and Nitrogen Factor 


Oat straw extracted 
with 

Composition of straw 

Decomposition 
for 48 days 

Cellulose 

and 

associated 

cellulosans 

B 

lulose as 

anhydro- 

pentose 

xylose 

Lignin 

Per cent 
nitrogen 

Loss of 
organic 
matter 

Nitrogen 

fadtor 

'\ 

Control 

49 

5-4 

11-5 

18-5 

0-30 

50 


Hot water . 

51 

6-2 

13-3 

— 

0-27 

18 


4 per cent NaOH . 

84 

1-0 

1-5 

Ill 

012 

21 


4 per cent alcoholic NaOH 

66 

3-2 

7-5 

8-2 

0-1 1 

21 


2 per cent HCI 

62 

2-4 

1-0 

25-6 

1 

0-34 




given material cannot be predicted from its nitrogen content. It is 
usually higher for natural materials, such as straw, than for pure 
substances, such as cellulose or straw treated to remove some of its 
constituents, as is shown in Table 50. The nitrogen in a material is not 

TABLE 51 


Effect of Added Nitrogen on the Nitrogen Factor of Rotting Bean Husks 

Nitrogen content of bean husks, 3 per cent. Duration of decomposition: 48 days 


Loss of organic Nitrogen content Nitrogen 
matter of compost factor 


per cent per cent 

No added nitrogen 48 47 —0*52 

With added ammonia 41 5*4 +0*15 

all equally available to micro-organisms: they may use ammonium 
salts, if present, in preference to difficultly available nitrogen com- 
pounds in the material. Thus, Richards and Norman found that bean 
husks, which had a nitrogen content of 3 per cent, rot to liberate 
ammonia in the absence of readily available nitrogen, but immobilise 
some nitrogen in its presence (Table 51). 

The rate of decomposition of a material with a low nitrogen content 
can be increased considerably if a suitable source of nitrogen is laddcd, 
for the nitrogen supply obviously limits the maximum amount of 
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protoplasm that can be present, and, if it is too low, it limits biological 
activity. The added nitrogen may also allow a larger proportion of 
the carbonaceous organic matter to be converted into microbial proto- 
plasm or its by-products, hence it may increase the proportion of the 
jiddcd organic matter that is converted into humic substances.^ This 
Ibrms the principle underlying all processes for rapidly obtaining a 
compost or manure from straw without passing it through a stockyard.^ 
Since its nitrogen factor is about 0*8, at least 18 lb. of nitrogen should 
be added per ton of straw to ensure its rate of decomposition is not 
limited by nitrogen shortage. This is commonly added as ammonium 
sulphate, but any other material rich in nitrogen, for example, urine, 
animal droppings, dried blood, leguminous hays or young green plant 
material, is equally suitable. It has been claimed that organic nitrogen 
compounds give a mellow and friable compost in contrast to inorganic 
nitrogen compounds, which give a more sticky compost, possibly be- 
cause the former encourage a greater development of fungi compared 
to bacteria, but there is little critical evidence for this statement. 

i'he actual amount of mineral nitrogen locked up when material 
with a low nitrogen content is decomposing depends on several factors, 
not all of which have been well established. For a given carbon and 
nitrogen content in the decomposing material, the amount of soil 
iiurf)g(m locked up during the decomposition increases as the speed of 
decomposition increases. Hence, materials low in lignins typically 
lijiniobilisc more nitrogen than those high in lignins,^ and decomposi- 
tion in warm soils immobilises more nitrogen than in cool soils. Thus 
L. A. Pinck, F. E. Allison and V. L. Gaddy'* found that under Maryland 
(C'lKiitions a ton of wheat straw immobilised about 16 to 18 lb. of 
nitrogen if decomposing during the winter, but between 21 and 28 lb. 
(luiing the summer. Again, decomposition under acid conditions 
n]>pears to lock up more nitrogen than under neutral conditions,® 
though the significance of this result is not known. 

I lie process of decomposition may lock up other nutrients besides 
nil logon, or be retarded by their lack. The ash of microbial protoplasm 
ni:i\ c ontain up to 25 per cent of phosphorus and 37 per cent of potas- 
1 so that the micro-organisms may compete with growing crops 
ft'i the available supplies of these nutrients if the soil or the decomposing 
ioiganic matter is very low in them. I. P. Mamchenko’ has brought 
nrw ard some evidence that increasing the phosphate supply of material 
^ ^ .J. Salter, Soil ScL, 1931, 31, 413, 

" 11 . B. Hutchinson and E, H. Richards, J. Aliti. Agric.^ 1921, 28, 39B. 

. ‘i:. H. Richards and A. G. Norman, Biochm. J., 1931, 25, 1769; E. J. Rubins and 

1 1 '. Bear, Soil ScL^ 1942, 54, 41 1. 

Amer, Soc. Agrori., 1946, 38, 410. ‘H. L. Jensen, J, Agric, *Sa., 1929, 19, 71. 

^ S. A. Waksman, Prinapki, of Soil Microbiology, 2nd ed., London, 1931, p. 367. 

Udob, Agrofekh. Agwpoch., 1941, No. 3, 5. 
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well supplied with nitrogen, such as clover residues, increases the 
proportion of carbonaceous material converted to humic substances 
by reducing the proportion respired as carbon dioxide. There is also 
some evidence that the rate of decomposition of tree leaves depends on 
the base content of the leaves,^ though whether this is due simply to 
the effect of the bases in controlling the pH. of the rotting material and 
therefore the composition of the microflora, or to their nutrient effect 
on the micro-organisms has not been determined. 

In conclusion, the conditions favouring rapid decomposition of plant 
products are: 

1. The material should have a low lignin, and probably also a low 
wax, content. 

2. The material should be in as fine a state of comminution as 
possible; and it is probable that the principal natural agents bringing 
this about arc the larger soil animals. 

3. There should be an adequate supply of available nitrogen. 

4. The pH should not be allowed to fall too low, otherwise the 
microbial population becomes unduly restricted and the larger soil 
animals die out, 

5. The aeration should remain good and the moisture supply ade- 
quate. Anaerobic conditions or water-logging lead to a restricted 
population, mainly bacterial, though the nitrogen demands of the 
population fall. 

6. The temperature should be fairly high. Temperatures above 
45° C. or below 30° C. give lower rates of decomposition than tempera- 
tures in this range. 

7. For substances rather difficult to decompose, mixed groups of 
materials decompose quicker than single groups. Thus, in forest floors, 
mixed litter from several species of trees usually decomposes quicker 
than litter from a single type.® 

Composting 

Composting is the term usually applied to the rotting down of plant 
and animal remains in heaps before the residue is applied to the soil. The 
chemical processes of decomposition in the compost heap and the soil 
differ in two respects: the compost heap is usually not so well aerated, 
and the temperature of the decomposition can be far higher in it than 
in the soil. 

The points of importance in composting are ensuring that the water 
content and the aeration of the heap are within certain limits: in 

» W. M. Broadfoot and W. H. Pierre, Soil ScL, 1939, 48, 329. 

' Gustefion, Plmt Physiol, 
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)ractice the rate and type of decomposition is controlled by varying 
he aeration conditions rather than the water content of the heap. If 
he heap is too dry, too compacted, or too water-logged, little decom- 
position takes place, and if it is kept moist and loose, decomposition 
s at its maximum. 

There appears to be no virtue in rotting down materials in the 
ompost heap compared with letting them rot down in the soil itself 
IS far as adding plant nutrients to the soil or increasing its humus 
oiitcnt are concerned. The relative value of the two methods depends 
pn circumstances. One cannot always add farmyard manure or waste 
prganic material to the soil when it is available: one must often leave it 
jiitil it is convenient to put it on the field, and composting is a way of 
Coring these materials until they are required. Again, some soils are 
naturally very open and free draining, and adding undecomposed 
material will often exaggerate the harmful consequences of this open 
uructure. Under these conditions it is much preferable to add well- 
roltcd humic material, for this will tend to reduce the openness of the 
soil. Again, an important difference between the unrotted plant 
material and the compost is in physical condition. The unrotted 
material typically holds little water and is coarse and fibrous; the com- 
post liolds much water and is friable. On light, sandy soils, which in 
any case are too open for optimum crop growth, a compost is obviously 
preferable on this score, whilst on some heavy soils the uncomposted 
material may be better. 

A third difference lies in the consequence of decomposition. A 
compost, when added to a soil, continues its decomposition only slowly, 
whilst unrotted material, particularly if it is rather succulent, begins 
to decompose rapidly, with the consequence that the carbon dioxide 
content of the soil air is raised, which may be very beneficial on light 
soils (see p. 533) — that is, on just those soils whose physical condition 
is most benefited by adding compost. If the decomposition is too rapid, 
however, the carbon dioxide content of the soil air may rise so high, 
or tlie nitrates in the soil temporarily fall so low, that plant growth 
is inhibited. 

A fourth factor, the importance of which has not yet been established, 
is that rotting a given amount of material in the soil will usually give a 
r addition to the humus and nutrient content of the soil than if it 
is hrst composted and then added to the soil. Experiments have been 
fi^ade at Rothamsted for a number of years in which a given dressing 
of straw and nitrogen ploughed into the soil is compared with the same 
quantity of straw rotted with the same quantity of nitrogen in a compost 
heap and then applied to the land. The ploughed-in straw has always 
g^ven a better yield than the compost, as is shown in Table 52. 
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TABLE 52 


Comparison of Straw Composted with Straw Ploughed in on a 
Three-course Rotation at Rothamsted 


12 years. 1934-45 



Year of applying 
straw 

Year after 
application 


Compost 

Straw 

ploughed 

in 

Compost 

Straw 

ploughed 

in 

Potatoes, tons per acre . 

Sugar-beet, sugar cwt. per acre 

Barley, grain cwt. per acre 

7-86 

37-0 

27*7 

9-40 

41-2 

31-2 

7-40 

36-4 

26*5 

382 

27-9 


The cause of the better crop response to the rotting in the soil compared 
with rotting in the compost heap may be due to losses of nitrogen 
during the composting process. Thus C. N. Acharya and his co- workers^ 
found that nearly one quarter of the nitrogen in a mixed organic 
refuse, whose C/N ratio was initially 32, was lost during the first 20 
weeks of composting, probably mainly by volatilisation as ammonia, 
but there was no net loss if some soil was added to the refuse. Presum- 
ably the ammonia set free in the decomposition is absorbed by the clay 
in the soil and then nitrified. 

Composting has, however, a considerable farm health aspect. It 
allows many parasitic organisms in the plant and animal material to 
be destroyed before the residues are put back on the land, and this 
destruction is more complete the higher the maximum temperature 
attained and the better the compost has been made. High temperatures 
have the further advantage that all the weed seeds present are also 
killed and decomposed. Hence, if possible trouble from either of these 
sources is suspected, good high-temperature composting may be well 
worth while. 

Finally, the effect of composting on the content of members of the 
vitamin B complex^ and other growth-promoting substances, such as 
the auxins,^ has been investigated by many workers, who all find that 
the amount of these substances in the heap decreases during the course 
of the decomposition. Composts arc, therefore, not rich sources of these 
substances, but, as has already been mentioned on p. 25, there is 
evidence that any farm crop benefits in any way by increacing the 
levels of these compounds in the soil. 


^dianj, Agric. Sci., 1945, 15, 214; 1946, x6, 

R. L. Starkey, Soil Sci., 1944, 57, 247 
J. H, Hamence, J. Soc, Chem, Indust. ^ .1945, 64, 147 
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The Micro-organisms Responsible for the Decomposition of 
Plant Remains 

Our knowledge in this subject is not as extensive as might be expected 
ccaiise a considerable amount of the earlier work was based on ideas 
now know are inadequate. A search was made for soil organisms 
ivliich could decompose the various plant constituents in pure culture, 
and in the case of cellulose often chemically pure cellulose in the form 
lillcr paper was used rather than cellulose in its natural condition 
is<iOciated with hemicelluloses. It was then often implicitly assumed 
[ha I these organisms carried out the same decompositions in the highly 
r onipctitive environment of the soil or compost heap. This ignoring of 
[hr environment as a whole did not, in fact, lead to as wildly wrong 
:otK lusions as might be expected, because they were checked by what 
liacl to be rather indirect observations in the field or compost heap itself. 

'] his early work established, for example, that many species of fungi 
kmld attack all the principal constituents in a substrate such as oat straw 
In juire culture, but the decomposition was more^ rapid if a mixed 
jLLilhirc of these fungi were used, as is illustrated in Table 53.^ 

'1 he first group of organisms which multiply when plant remains are 
hii\('d with the soil, or start to decompose in a compost heap under 
Jicn)bic conditions are the sugar fungi (see p. 158), for these can multiply 
riiost quickly whilst simple plant cell contents are being decomposed, 

TABLE 53 

Decomposition of some Plant Constituents brought about by Pure 
Cultures of Fungi and Actinomycetes 

Oat straw rotting at 30° C. for 48 days. Extra nitrogen added as ammonium carbonate 
Ail results are expressed on i4ie basis of 100 gm. of straw 



Dry 

matter 

Cellulose 

and 

associated 

xylans 

Anhydro- 
pentose 
in hemi- 
ceilulose 

Uronic 
acid an- 
hydride 

Nitrogen 

factor 

Per cent 
of 

organic 

nitrogen 

initial straw . 

100 

53 

14-4 

4-8 



0*3 i 

Mixed microflora . 

49 

IS 

2-2 

2-6 

0‘84 

2-37 

^spQri;!llus flavipes . 

71 

25 

53 

3'5 

0-69 

1 39 

• richoderma (sp.) . 

73 

33 

9-9 

2-6 

0*73 

1-42 

(sp.) . 

74 

29 

54 

3*0 

0-50 

107 

As|)cf;j/j/us n/ger 

87 

42 

10-2 

3-2 

0-82 

1-30 

*‘Ctifiomycete (sp.) . 

89 

41 

III 

4-8 

103 

1.55 


L ’ ^'ortnan, Ann. Appl. Biol., 1030, 17, 575; 1931, 18, 244; 1934, ai, 454. For another 
I ' ‘‘‘iipie, see S. A. Waksnian and I. J. Hutchings, SoU Sci,^ 1937, 43, 77. 
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The next stage in the soil depends on the soil conditions and the plant 
material added. If the soil is acid, these fungi are replaced by cellulose 
decomposing fungi, whilst if it is neutral a general bacterial population 
appears to become dominant, which often seems to begin on the hyphae 
of the sugar and cellulose decomposing fungi. But if the plant material 
contains strongly lignified tissue, fungi remain an important part of the 
population, for there are no bacteria which will decompose lignins. 
If the soil is poorly aerated bacteria are dominant from the beginning, 
with the consequence that the lignified tissues accumulate as peat. 

There are a considerable number of species of fungi and actino- 
mycetes which can decompose cellulosic plant material under aerobic 
conditions in pure culture, and a considerable number of bacterial 
species which can do this under conditions of poor aeration, but the 
number of bacterial species which decompose these tissues in aerobic 
conditions in the soil appear to be rather limited, although they form ; 
very important part of the microflora in sub-acid and neutral soils. ^ 

Certain members of the soil fauna can digest plant cellulose and 
associated hemicelluloses, but there is no evidence they can digest 
lignins. Termites can probably be as important as micro-organisms in 
some tropical soils as cellulose decomposers, and so can some members 
of the soil faunal population, such as earthworms and possibly some 
mites and insects, though little critical work has been done on what 
plant constituents are decomposed by many members of this sapro- 
phytic population. The fauna probably differ from many of the micro- 
organisms in that the latter produce appreciable amounts of humus 
from the decomposition of plant remains, whilst some of the fauna at 
least, for example termites, produce either little or none. 

The products of microbial metabolism include microbial cell-wall 
components such as polyuronide gums and other polysaccharides, as 
well as lignin- and humic-like substances. Many bacteria, including 
some of the cellulose decomposers, also produce polyuronide gums, 
particularly if they are working under conditions of limited nitrogen 
supply;^ for they may have to attack a large amount of polysaccharide 
to extract sufficient nitrogen for their growth; and since it is nitrogen 
and not energy supply that is limiting their growth, they have to excrete 
energy-rich by-products. Some fungi produce dark-coloured products 
similar to a-humus (see p. 267) when growing on cellulose and other 
lignin-free plant products.^ Some bacteria may also produce such pro* 
ducts, both from the easily decomposable components in recently dead 

^ For reviews of these, sec A. G. Norman and W. H. Fuller, Adv, Enzymoi^ 1942, 2, 2391 
R. Y. Stanicr, Bad. Rev., 1942, 6, 143. , 

* See, for example, S. Winogradsky, Ann. Inst. Pasteur. 1929, 43, 549; A. G. Norman and 
W. V. Bartholomew, Proc. Soil Sci. Soc. Amer.y 1940, 5, 242. 

* H. L. Jensen, J. Agric, Scu, 1931, ai, 81; L. A. Pinck and F. E. Allison, Soil Sd., uj# | 
57 , 155 - 



GREEN MANURING 


«55 

plant tissue,^ and also from the mycelia of the fungi that originate the 
attack on the more resistant plant remains.^ 

Green Manuring 

Plant residues can be applied direct to the soil instead of via the 
compost or manure heap, and the usual method of doing this is to 
plough in a growing crop. This method of green manuring can have 
several effects on the soil, depending on conditions: it may increase 
the organic matter content of, or the available nitrogen in, the soil; 
it may reduce the loss of mineral nitrogen by leaching; and it may 
concentrate nutrients likely to be deficient in the surface soil and leave 
them there in a readily available form. Green manuring normally 
cannot confer all these benefits on the soil simultaneously, and it may 
confer none of them. 

Green manuring, when properly used, can either increase the humus 
content or else the supply of available nitrogen in the soil, but rarely 
can it do both at the same time, and therein it differs from well-made 
farmyard manure, for the humus content only appears to be increased 
appreciably if material fairly resistant to decomposition is added to 
the soil, and resistant plant material is typically low in nitrogen; and 
(he available nitrogen supply is only increased if readily decomposable 
material high in nitrogen, such as young green plants, are decomposing. 
Thus, the effect of a given crop as a green manure depends on its 
maturity when ploughed under. Table 54^ illustrates this point for rye. 
Young rye decomposes rapidly with a large production of carbon 
dioxide, and consequently leaves little residue but much nitrate nitrogen, 
whilst mature rye decomposes much more slowly, leaving a large 
residue and making demands on the soil’s supply of available nitrogen. 

This conclusion has been questioned by F. E. Allison and his 
co-workers.^ They concluded that the proportion of carbon added in 
a green manure crop that gets converted to resistant humic material 
only depends on the amount of added carbon and not on the stage of 
maturity of the green crop. On this view immature green manure crops 
add little carbon to the soil compared with mature crops because of the 
much smaller weight of carbon they contain when ploughed under. 
But this conclusion is based on experiments made by adding the green 
manure to pots containing only 20 lb. of soil and growing five crops 

^ M. M. Kononova, Pedology, 1943, No. 6, 27; No. 7, 18; 1944, No. 10, 456; with N. P 
Belchikova, ibid., 1946, 529. 

Y. Geitser, Somt Agron,, 1040, No. 11-12, 22; also sec her bwk The Significance of 
hlicro-organisms in the Formation oj Humus, Moscow, 1940; J. G. Shrikhande, Biockem, J., 
1551. 

b. A. Waksman and F. G. Tenney, Soil Sci,, 1927, 24, 317. 

h. A. Pinck, F. E. Allison and V. L. Gaddy, Proc, Soil Set, Soc. Arm., 1946, xo, 230; Soil 
194B, 66, 39; J. Arm. Soc. Agron., 1948, 40, 237. 
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TABLE 54 

The Effect of the Maturity of Rye on Its Composition and 
Decomposition 

(a) The effect on the carbon dioxide and mineral nitrogen produced 
during decomposition 

Fresh material, containing 2 gm. dry matter, added to 100 gm. soil and 
incubated at 25® to 28® C. for 27 days 


Stage of maturity | 

1 

Moisture content 
of material 

Percent of dry 
matter soluble in 
cold water 

Nitrogen 
content of 
dry matter 

Carbon dioxide 
evolved, mgm. 

Mineral nitrogen 
liberated (4-) 
or absorbed (—) 
_mgm. 

Plants 10-14 In. high . 

80 

34 

2-5 

287 

+ 22-2' 

Just before heads form 

79 

23 

1-8 

280 

+ 3-0 

Just before flowering, leaves 






and stalks 

57 

18 

10 

200 

- 7-5 

Grain in milk stage, leaves 






and stalks 

15 

10 

024 

188 

- 8-9 


(b) The effect of maturity on the disappearance of plant constituents 


Stems and leaves, decomposing in sand at 25® to 28® C. on a basis of 100 gm. of 
dry matter Initially 



Just before head forms 

Plants nearly mature 

Stage of maturity 

Initial 

After 30 
days’ 
decom- 
position 

Per cent 
loss in 

30 days 

Initial 

After 

60 days’ 
decom- 
position 

Per cent 
loss in 

60 days 

Water insoluble 
organic matter . 

75 

20 

73 

76 

44 

42 

Pentosans . 

20 

4 

82 

20 


61 

Cellulose • 

26 

6 

77 

31 


56 

Lignin 

12 

8 

36 

17 


II 

Protein insoluble 
In water . 

8-2 

b j 

25 

69 

1-8 


gain 187 


of Sudan grass or wheat — experiments in which the root residues of the 
crops per pound of soil would be far higher than in the field — and it was 
not possible to allow for the contribution made by these resistant root 
residues to the resistant humic material in the soil. Hence their con- 
clusions may not apply to green manuring in the field. 

Green manuring has, in most parts of the world, been applied more 
successfully to increasing the available nitrogen supply than the humus 
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content of soils. It is, however, only widely practised under certain 
definite conditions. The crop must be grown as a catch crop between 
{he main cash crops, and consequently the practice is commonly com- 
mended in regions where the winters are sufficiently mild and moist 
10 allow the crop to grow during this period. The crop must not com- 
pete with the main crops in any way, and in particular not for water, 
so that this system is not used under dry-farming conditions. 

Hence, regions having a long growing season, such as regions with 
mild winters and with a well distributed rainfall, or else an adequate 
irrigation system, are well suited to green manure crops. The practice 
is prevalent in the humid tropics and sub-tropics, and in orchards 
hen the growing season extends into the dormant period of the trees; 
it is also extensively advocated in the south-eastern states of the U.S.A., 
where maize and cotton, both summer crops, are the two main cash 
crops, and where legumes will grow during the winter. Green manure 
crops can be particularly valuable in saline soils, because in comparison 
with fallow, they reduce the evaporation from, and hence the salt 
content in, the surface soil, for they take their water from the subsoil 
and shade the surface. Further, when they are ploughed in, their residues 
will help to increase the availability of phosphates and trace elements to 
the succeeding crop due to the lowering of the soil />H brought about by 
the carbon dioxide produced in the process of decomposition. 

Leguminous crops, such as some vetches, peas and clovers, are com- 
monly used for green manuring as they increase the soil’s supply of 
nitrogen. But these crops will normally only make adequate growth 
and fix enough nitrogen to make their cultivation worth while if the 
soil contains an adequate supply of calcium, potassium and phosphates. 
An example of the need for this is given in Table 55,^ taken from some 
experiments made on a soil with j&H 5*5 in Mississippi. In this example 
and 56 lb. of nitrogen in the green manure gave rather more cotton 
ihan 18 and 34 lb. of nitrogen in a mixed fertiliser. 

The nitrogen liberated during the decomposition of the green manure 
crop can only benefit the subsequent crop if the latter is sufficiently 
developed to take up the nitrogen #oon after it is released and before 
the nitrate produced is leached out of the soil; and this period is fairly 
short, particularly in light soils under warm moist conditions, as the 
protein of the living green plant decomposes more rapidly than does 
that in dried or dead plant material. Hence, a long, wet period be- 
tween the ploughing-in of a green manure crop and the establishment 
ol the following crop, particularly on light soils, can result in much of 
the nitrifiable nitrogen of the green crop being leached out of the soil 
with the consequence that the following crop obtains littlcj- if any, 
* C. D. Hoover, Proc. Soil Sci, Soc. Amer,, 1942, 7, 283. 

s.c — 10 
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benefit from the green manure.^ On the other hand, the main crop 
should not be sown too soon after the green crop has been turned in, as 
the period covering the first flush of decomposition is very unfavourable 
for germination and the growth of very young plants. 

TABLE 55 

Influence of Fertilisers for Green Manure Crop on the Yield of Cotton 


Experiment at Holly Springs, Mississippi. Winter green manure crop: Hairy Vetch 



Yield of 

Yield of vetch 


seed 
cotton 
lb. per acre 

Dry 
matter 
ib. per acre 

Nitrogen 
Ib. per acre 

(a) No green manure before cotton 

Fertiliser applied to cotton: 

300 lb. 6-8-4 

1090 



Ditto, plus 100 lb. nitrate of soda . 

1430 

— 

— 

(b) With green manure, but no fertilisers 
applied to cotton 

Fertiliser applied to vetch: 

None 

930 

460 

17 

Phosphate 

1160 

720 

28 

Dolomitic limestone .... 

1480 

1 1160 

56 

Limestone and phosphate . 

1550 

1210 

57 


Green manures do not usually increase the humus content of the soil, 
and in this respect differ from farmyard manure. Thus, C. A. Mooers^ 
found that in a twenty-year experiment in which cow-peas were grown 
as an autumn catch crop in a continuous winter wheat experiment, the 
organic matter content of the soil decreased by o* 1 1 per cent, or by about 
a ton an acre over the twenty-year period on the plots in which the cow- 
peas, yielding about a ton of dry matter per acre, had been ploughed 
under, and increased by about o-i i per cent on the plots which received 
4 tons of farmyard manure, also containing about a ton of dry matter, 
each year. The 20 tons of cow-pea dry matter, however, reduced the 
loss of humus from the soil, for the humus content fell by 0-24 per cent 
on other plots that did not receive either farmyard manure or green 
manure. Hence, about 20 tons of cow-pea dry matter reduced the 
humus loss by about 2,600 lb., whilst 20 tons of farmyard manure dry 
matter reduced it by 7,000 lb. 

^ See E. M. Crowther in Fi/0f Years of Field Experiments at the Woburn Experimental SUilion, 
by E. J. Russell and J. A. Voclcker, for a discussion of the causes of the failure of hie Woburn 
Green Manuring Experiment to benefit the soil or the succeeding crop, 

* Tennessee Agric. Expt. Sta., Bull, 135 , 1926 . 


m- 
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Green manuring is relatively ineffective for two reasons. In the first 
place, as already noted, immature green plant tissue decomposes more 
rapidly, leaving less residue, than farmyard manure. But there is an 
additional effect, for adding an easily decomposable material to a soil 
so stimulates the soil organisms that they not only attack the readily 
decomposable material, but they also decompose in the process some 
of the more resistant organic matter in the soil. This effect has been 
unequivocally established by F. E. Broadbent^ using Sudan grass as a 
green manure whose tissues contained a measurable amount of heavy 
carbon and heavy nitrogen He added some of this material 
to a soil, incubated it, and determined the amount of carbon dioxide 
given off and ammonium and nitrate nitrogen liberated, and from the 
and contents of these products calculated what fraction of 
each was derived from the humic matter in the soil. His results are 
given in Table 56, and further results are quoted on p. 290, which show 
that the presence of the decomposable Sudan grass has caused the rate 
of production of carbon dioxide from the humic matter in the soil 
to increase threefold, and of mineral nitrogen ^.wofold. This effect 
obviously limits, very seriously, the effectiveness of green manuring as 
a means of increasing the organic matter content of the soil. 

TABLE 56 

The Effect of Additions of Decomposable Matter in increasing 
the Rate of Decomposition of the Soil Humus 


Amounts liberated in milligrams 



Soil plus 
Sudan grass 

Soil 

alone 


Soli plus 
Sudan grass 

Soil 

alone 

Total CO., evolved . 

283 

19 

Total mineral nitro- 






gen released 

^•83 

1-40 

Part derived from 



Part derived from 



Sudan grass 

225 

— 

Sudan grass 

1-93 

— 

Part derived from 



Part derived from 



soil . 

58 

19 

soil . 

2-89 

1-40 


Green manure crops can confer other benefits on the land: by 
growing during wet off-seasons they reduce the loss of nitrogen and 
other nutrients by leaching; they can often utilise less available forms 
of phosphate and zinc than the main crop and, hence, increase the 
ax ailability of these for the crop; and by decomposing rapidly they 
liberate large quantities of carbon dioxide in the soil which can increase 
the availability of phosphates in alkaline calcareous soils. These 
benefits may be of particular value in deciduous orchards, for they 

^ Proc, Soil Sci, Soc. Amer,, 1948 , Z 2 , 246 . 
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have a long dormant season. The practical difficulties in growing these 
oif-season cover crops for green manuring are to get them established 
without interfering with harvesting or competing with the trees for 
nutrients before harvest, and to manage them so they are not killed 
prematurely by the winter sprays and washes used.^ 

Ploughing in a green crop can have another function that has barely 
been examined yet. It is possible that the best way of ploughing in 
straw is to under-sow the com crop with a green manure crop, probably 
a legume, and under these conditions the benefit conferred by the 
legume on the succeeding crop appears to be enhanced. F. C. Bauer 2 
has given the results of an experiment in Illinois on the three-course 
rotation, maize-oats-wheat, in which the effect of under-sowing the 
wheat with sweet clover and returning the straw to the wheat stubble 
was investigated. The results for the first twelve years of the experiment 
were: 



Yield of maize in bushels per acre 

Residue returned to Wheat stubbie 

No sweet 
clover 

Sweet clover 
under-sown 
in wheat 

Benefit of 
sweet clover 

None 

58 

68 

10 

Wheat straw and maize 

59 

80 

21 


and they show that under-sowing the wheat with sweet clover benefited 
the following maize crop, but this benefit was almost doubled if the 
wheat and maize straw were put on the sweet clover ley, whilst the 
straw alone had no effect. 

It is a common practice for farmers in several parts of the world 
who crop their land fairly continuously with a corn or maize crop to 
under-sow the crop with a legume. Thus, wheat growers in Missouri 
commonly under-sow their wheat with lespedeza, which can be made 
both to seed itself for the following year and to provide a hay crop; 
and Iowan farmers often sow sweet clover or vetch in their maize.* 
English corn growers on chalk and light land soils often under-sow 
their wheat or barley with trefoil, which not only helps to control 
“take-all” {Ophiobolns graminis) in the corn, but also helps to rot down 
the straw; for these farmers commonly harvest their corn by combine 
and plough in the straw. The straw is pressed into the trefoil with a 
ring roll, and wherever it touches the ground it decomposes, hence it can 

^ For an example of their management in Englisli orcliards, see W. S. Rogers and Ih. 
Raptopoulos, J. Pomol., 1946, 22, 92. 

^ Proc. Soil Sci. Soc, Amer.^ *942, 7, 301. 

* I am indebted to Dr. A. G. Norman for this information. F. E. Bear {Soils and FertiiU^^ 
4th cd., p. 1 73) quotes a similar practice in Illinois. 
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be ploughed under more easily. The trefoil thus not only helps the straw 
to decompose while on top of the grotmd, possibly by keeping the soil 
surface damp, but also supplies nitrogen for its decomposition when 
it is ploughed under. 

Green manuring can take another form in the humid tropics for 
bush crops such as coffee and tea. Here either the crops may be 
grown under leguminous shade trees, ^ such as species of Eiythrina 
(dadap) and Albizzia (sau), for example; or leguminous shrubs, such 
as species of Tephrosia, may be interplanted between the bushes. These 
trees and shrubs are lopped several times a year and the green loppings 
spread around the bushes and perhaps worked into the surface soil. 
By this means lo tons or more of green material, containing possibly 
up to 6o lb. of nitrogen per ton and rich in bases, ^ are provided as a 
gi cen manure or a surface mulch. This helps to keep the surface layers 
dl' the soil, which contain most of the feeding roots of these bushes, 
well provided with nutrients and in a porous open tilth. However, 
nitrogen-rich residues spread over the soil surface as a mulch may in- 
crease the available nitrogen in the soil less than if they are ploughed in. 
Thus T. M. McCalla and J. G. Russel found that the nitrate nitrogen 
content of a soil was about lo per cent less under a mulch of sweet clover 
than when it was ploughed in.® 

The Decomposition of Green Manures under Water-logged 
Conditions: Paddy Soils 

The course of decomposition of plant residues depends on the 
aeration of the medium in which they are decomposing, and though 
in temperate agriculture, decomposition usually takes place under 
aerobic or slightly anaerobic conditions, yet under some tropical condi- 
tions, such as in w’et rice or paddy fields, decomposition occurs under 
water-logged or fairly strongly anaerobic conditions. The main effect of 
restricting the oxygen supply during decomposition is to encourage the 
production of organic acids, such as lactic, butyric and acetic, and of 
gases such as methane and hydrogen^ which are themselves probably the 
dceomposition products of the volatile acids under anaerobic conditions. 
The typical nitrogen end-product of anaerobic decomposition is 
ammonia, though if alternate oxidising and reducing conditions occur, 
nitrogen may be set free from the reduction of nitrates. 

Some results of C. N. Acharya® given in Table 57, illustrate the effects 

’ See, for example, C. R. Harler, The Culture and Marketing qf Tea, Oxford, 1933, for a 
Wort description of this practice. 

' H. £, Macmillan, Tropical Planting and Gardening, London, 1935. 

’ . 7 . Amer. Soc. Agron., >948, 40, 1 1. See W. A. Albrecht, Missouri Agric. Expt. Sta., Res. Bull, 
T Q36, for a similar result with red clover. 

‘ liwhem. J., 1935, 29, 538, 953, im6, 1459. 
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of increasingly severe anaerobic conditions on the rotting of rice straw 
and on the volume of gas produced. In one set of experiments, he 
allowed rice straw to decompose at 30° C. for six months, and compared 
the gas production when the decomposition was strictly anaerobic all 
the time with that when air was admitted either over the top of the 
rotting material (moderate anaerobic) or bubbled through it for five 
minutes (mild anaerobic conditions) once a week. 

TABLE 57 

The Quantity and Composition of Gas Evolved during the 
Anaerobic Rotting of Rice Straw 

Temperature of decomposition, 30 ° C. 


Litres of gas evolved per 100 gm. of straw in 6 months 


Degree of anaerobicity 

Mild 

Moderate 

Strict 

Carbon dioxide , “ . 

32*5 

17-4 

10-8 

Methane ...... 

21 

6-9 

10-6 

Hydrogen ...... 

Loss of dry matter In grammes . 

0-92 

340 

5-6 

370 

010 

35*0 

Nitrogen factor ..... 

0-33 

0-26 

0‘07 


Table 57 shows that increasing the strictness of anaerobic conditions 
causes the amount of methane given off to increase, of carbon dioxide 
to decrease, and the hydrogen first to increase and then to decrease, 
whilst the loss of dry matter and also the disappearance of cellulose, 
pentosan and lignin is almost unaffected, though losses are higher under 
aerobic conditions. The table also shows that decreasing the oxygen 
supply decreases the nitrogen factor, that is, the amount of ammonium 
nitrogen immobilised: it decreased from 0-54 for aerobic to 0*07 for 
strict anaerobic conditions. 

The application of these results to the decomposition of green 
manures in tropical paddy soils iS not, however, simple. Paddy soils 
are water-logged for much of the year but the water should not be 
stagnant; the soil’s permeability should be sufficiently controlled by 
puddling to allow a slow percolation of water through it, and the land 
should be adequately drained to let this water get away. W. H. 
Harrison and P. A. S. Aiyer^ showed that the principal gas produced 
in these water-logged soils during the decomposition of green crops was 
methane with only small amounts of carbon dioxide, hydrogen ^nd per- 
haps nitrogen, and the gases in the water above the soil are almost 
^ India Dept. Agric. Mem., Chem. Ser., 1913, 3, 65; 1914, 4, l. 



GREEN MANURING OF PADDY SOILS 263'' 

entirely oxygen and nitrogen. In the first place, they showed that this 
difference in composition was due to a film of organisms in the surface 
layers of the sod. It contained both bacteria that oxidised methane to 
carbon dioxide and algae that fixed the carbon dioxide photosyn- 
thetically and respired oxygen. Hence green manuring could increase 
the oxygen content of the water percolating through the surface soil, 
so increasing the oxygen supply to the rice roots, but it seems unlikely 
that this could be an important reason for the observed benefits derived 
from green manuring. 

Harrison later^ put forward an explanation of why the soil gases 
were so unexpectedly rich in methane and poor in hydrogen and carbon 
dioxide, for he showed that there were bacteria in the soil that could 
utilise hydrogen to reduce carbon dioxide: a reaction which supplied 
the bacteria both with energy and a source of carbon, which removed 
1-5 to 3-5 parts of hydrogen for every part of carbon dioxide reduced, 
and which might lead to a production of methane. This is a reaction 
of great importance for the oxygen regime around the rice roots, for 
it not only reduces the carbon dioxide content arqund them, which in 
itself reduces their oxygen needs, but also removes hydrogen in a way 
that makes a much lower demand on the oxygen in the soil water 
than would be made by the hydrogen-oxidising bacteria which he and 
Aiyer^ showed were present in the soil. 

The nitrogen regime in water-logged soils has not been fully worked 
out. Nitrates are reduced to nitrogen gas or nitrous oxide via nitrites, 
and nitrites themselves may accumulate sufficiently to be toxic to crops; 
consequently nitrate fertilisers are not used on paddy soils.® Most 
organic nitrogen compounds decompose to yield ammonia, but it is 
not certain if gaseous nitrogen is ever produced during these decom- 
positions: its production is usually characteristic of systems with a 
widely ffuctuating oxygen supply in which nitrates are produced 
during the aerobic periods and reduced during the anaerobic. Thus 
ammonia is the typical form of inorganic nitrogen and the typical 
by-product of bacterial metabolism under water-logged condidons; 
consequentiy, ammonium salts, or* organic fertilisers, such as green 
manures that break down readily to give ammonium salts, are the 
typical nitrogen fertilisers for these soils. It is possible, however, that 
if the ammonium concentration reaches too high a level in the soil 
some may be lost by volatilisation from the soil’s surface under tropical 
conditions.* 

‘/wrfia Dept. Agric. Mem., 1920, $, 181. 

* India Dept. Agric. Mem., Chem. Ser., 1916, 4, 135. Sec also S. B. Lee and W. W. Umbreit, 

BakuVL, 1940, lOI, 354. 

M. Nagasko, Btdl. CM. Agrk. Tc3^, 1904, 6, 285; W. P. Kelley, Hawaii Ag^. Ee^t. Stt,^ 

24, ,9,,. 

A. Sreenivassan and V. Subrahmanyan, J, Agric. Sci., 1935, a 5 > 6- 



CHAPTER XV 


THE COMPOSITION OF THE SOIL ORGANIC 

MATTER 

The Separation of Humus from the Soil Particles 

The composition of the soil organic matter, and in particular of the 
soil humus, has exercised the minds of soil chemists from the very 
beginning. The soil organic matter consists of a whole series of products 
which range from undecayed plant and animal tissues through 
ephemeral products of decomposition to fairly stable amorphous brown 
to black material bearing no trace of the anatomical structure of the 
material from which it was derived; and it is this latter material that 
is normally defined as the soil humus. The great difficulty in all 
investigations on the composition of soil humus has been that it can 
neither be separated from unhumified matter nor from the mineral 
constituents of the soil. The methods used separate out only a part of 
the humus, and some may alter the original constitution of the humus 
into forms that disperse more easily. 

The early soil chemists were interested in humus. The work was 
begun by F. K. Achard^ in 1786 and by C. Vaquelin® in 1797, who 
found that some of it could be extracted by alkali after the soil had 
first been treated with an acid. The work was continued by C. Sprengel,’ 
a most successful early investigator in agricultural chemistry, who in 
1826 had carried his studies so far that little was added during the 
next hundred years. He distinguished the “acid humus” of peat found 
in places where bases are lacking from the less acid “mild humus” 
formed in soils in presence of basic material; the “acid” is much more 
stable than the “mild” form, being less easily decomposed to carbon 
dioxide and water. He prepared ^‘humic acid” by extracting the peat 
with dilute hydrochloric acid for two hours to remove all bases, washing 
with water, then extracting with a solution of ammonia in a closed 
vessel, finally adding to the solution hydrochloric acid to precipitate 
the humus. It did not, however, come down pure, but contained both 
clay and ferric hydroxides; it was therefore redissolved in sodium 

^ Crells Chm. Ann.^ 1 786, 2, 391. For a detailed account of the history of humus chcmistry> 
sec the admirable summary of the literature in S. A. Waksman, Hunm^ 2nd cd., London, I 93 °* 
CTrtm., 1797, 21, 39. 

^ Kastners Arch, ges, Naturlehre {Nurnberg)^ 1826, 8, 145. 

264 



1 >!SPEK«IOi 7 OF BtriifUS 265 

arbonate solution, filtered and precipitated from the filtrate by add 
ydrochloric acid. 

The methods in use at the present time^ for separating the more 
-adily dispersible humus from soils are still based on Sprengel’s 
^sults, namely, that these substances are negatively charged colloids 
hen in alkaline solution, and are either held on the positively charged 
pots on the soil or clay particles or are held on the soil or are precipit- 
ted as floes through the agency of cations such as calcium, aliuninium 
nd iron. Two groups of methods can therefore be used, that used by 
Iprengel and the other early workers of increasing the hydroxyl ion 
oncentration, through the use of sodium hydroxide for example, for 
h<; high pH raises the electric charge on the humus particles through 
ncreasing the dissociation of hydrogen ions, and the hydroxyl ions 
ompete more strongly than many of the humus colloids for the posi- 
ivcly charged spots on the soil and clay particles; and modem methods 
ased on the use of anions which form very stable complexes with 
alcium, aluminium and iron cations. 

"I'he first group of methods, based on raising the to high values, 
iSiially above pR 12, still remain the most efficient if efficiency is 
udged by the proportion of the organic carbon and nitrogen compounds 
thich are dispersed. Their limitation is that they may cause chemical 
Iteration in the dispersed suspensions both by hydrolysis of some 
ompounds and by autoxidation of others, for the humus extracts 
ibsorb molecular oxygen from the air relatively easily when in strongly 
Ikaline solution. Autoxidation can be reduced either by making the dis- 
jcjxion in the absence of oxygen or by adding a reducing agent such as 
taimous chloride, but there is no clear evidence that the usual laboratory 
echniques for making the dispersions cause any appreciable chemicsd 
iltcrations in the dispersed colloids. Nor has it been proved that dilute 
odium hydroxide solutions at room temperatures cause any appreciable 
;hciiiical changes. Solutions of lower pR can be used, such as a sodium 
arbonate-bicarbonate mixture, or sodium carbonate by itself, but it 
s probably necessary to have a of the extracting solution above 
f! -5 if a reasonable yield of humic. material is wanted,® for the yield 
ncreascs more or less linearly with pR from about j&H 7 to about n. 

1 lie second group of methods were really developed because of the 
car that these alkaline solutions were causing chemical alterations in 
‘lie dispersed humus. They are based on treating the soil with a solution 
-apable of forming stable complexes with the humus-bonding cations. 
[• 1^1. Brcmner and H. Lees® showed that neutral sodium pyrophosphate 

‘ 1 ' T a review of these see J. M. Bremner, J. Soil Set., 1954, Ss St 4 > ®t>d F. E. Broadbent, 
’ 953 , 5 > 153 - . 

. 1;- 1 . hvans, J. Soil Set., 1959, 10, 110. 

” ScL, 1940. 39, 247. 
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is effective in dispersing significant amounts of humus, up to 20-30 per 
cent of the organic carbon in the soil, and has the advantage that it 
introduces no organic anion, and other workers have used organic 
anions such as oxalate, ethylene diamine tetra-acetate and acetyl 
acetone, the last one having the advantage that it and its iron and 
aluminium chelates can be removed from an aqueous solution by 
shaking it up with ether, itself nearly insoluble in water; ^ but in general 
these organic anions are less efficient extractors than pyrophosphate in 
solutions of comparable All these reagents usually extract con- 

siderably less humus from a soil than does sodium hydroxide, and in 
fact their efficiency increases with increasing pH of the extracting 
solution. The only condition under which they are as efficient is when 
all the humus is held on soil particles through iron or aluminium ions, 
as in the B horizon of sandy podsols, in which case all of the humus can 
be dispersed relatively easily. 

A part of the reason that neither sodium hydroxide nor chelating 
agents can remove all the humus from soils appears to be that some of 
the humus is held ^ very firmly on the clay particles or on iron and 
aluminium oxide or hydroxide films. At least a part of this humus can 
be dispersed, probably without affecting its chemical composition by 
pretreating the soil with a dilute hydrofluoric-hydrochloric acid 
solution, if clay absorption is the most important agent, or with sodium 
hydrosulphite or dithionate if the sesquioxide films are. J. M. Bremner 
and T. Harada® have shown that using the acid treatment alternately 
with a sodium hydroxide treatment, over 90 per cent of the organic 
nitrogen could be extracted from Rothamsted soils and subsoils, and 
in some subsoils a single acid treatment removed a higher proportion 
of the organic nitrogen than did a single alkali treatment. One cannot 
rule out in this example, however, the possibility that the treatments 
were decomposing the organic matter, as the acid was molar in both 
hydrofluoric and hydrochloric acid and the alkali half molar sodium 
hydroxide. 

These methods separate humic material from the soil particles, but 
they usually do not give a dispersion only containing humic material. 
Thus it is very difficult to remove metal-complexing anions, such as 
pyrophosphate, completely from the dispersion, nor has it yet proved 
possible to separate the humic material from the large amount of in- 
organic material which the hydrofluoric acid brings into solution. 
And only very recently has it been fully appreciated that the humic 
material obtained by any of these methods may still hold metallic 

^ A. E. Martin and R. Reeve, J. Soil Scu^ 1957, 8, a68, 279. 

* See, for example, M. B. Choudhri and F. J. Stevenson, Proc. Soil Scu Soc, Amer.t * 957 ’ 
21, 508, and M. Schnitzer, J. R. Wright and J. G. Desjardins, Canada J. Soil Sci,, 1958, 38? 49 - j 

® J* Agric. Scl, 1959, 52, 137. 
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cations, such as aluminium, whose presence markedly affects many 
properties of the humus. 

The Fractionation of the Humus Dispersion 

The humus dispersions obtained in these ways consist of a mixture 
of substances, none of which appear to be simple chemical compounds. 
The earlier chemists had no easy means of testing if these dispersions 
contained relatively few high molecular weight compounds of fairly 
definite constitution or not, but they based their methods of fractiona- 
tion on the assumption that these dispersions did in fact only contain 
a few fairly definite complex molecules of colloidal dimensions to which 
they gave names. The method of fractionation commonly used is shown 
in the following diagram. 


Soil organic matter 


Strongly coloured 
humic matter 
Treat with alkali 
100 


Non-humic matter 
(undecoml>osed plant 
remains, etc.) 


Insoluble 
humin 
32 (B) 

24 (S and S) 
20 (S) 



68 (B) 

76 (S and S) 
80 (S) 

Treat with acid 


Not precipitated 
fulvic acid 
40(B) 

39 (S and S) 

20 (S) 

Add NaOH carefully until the pH 
is about 4'8 


Not precipitated Precipitated 

3-humus 


Precipitated 
humic acid or 
a-hum us 
28 (B) 

37 (S and S) 
60 (S) 

Extract with alcohol 


Soluble Insoluble 

21 (Sand S) humic acid 

15 (S) 16 (S and S> 

40 (S) 


The figures under the fractions show how the carbon is divided 

amongst them, as detennined by M. Berthelot and G. Andre (B),^ 

0- Schreiner and E. C. Shorey (S and S) ® and A. Schmuck (S).® These 

fractions are not, however, pure chemical compounds, but are colloidal 

|sols wh^n dispersed. The following names are still in common use; 

^ Atm, Chin. Phys., 189a, ser. 6, a,, 364. * U.S. Dfpl. Agrie. Bur. Soils, Bull. 74, 1910. 

redohgy, 1930, No. 3. 
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humin for the fraction insoluble in alkali; humic acid for that soluble 
in alkali but insoluble in acid; and fulvic acid for that soluble in botli 
alkali and acid. However, humic acid has sometimes been defined as 
that part of the alkali-soluble fraction that is insoluble in alcohoL Ther 
the name a-humus has been used for the original fraction. 

It is now known that there is no sharp distinction between humir 
and the dispersible fraction, nor between fulvic and humic acid, anc 
that neither fulvic and humic acids, nor any other acids which hav( 
been separated and named are definite substances. The ratio of fulvu 
to humic acid in a dispersion, for example, can be altered by altering 
the acid used as precipitant, and in particular one can alter the proper 
tion of the humus dispersion which flocculates by using other simplf 
metallic salts as precipitants, and as will be shown on p. 287, if absorbent! 
such as clays or iron and aluminium oxides or hydroxides are adde)^ tc 
the fulvic and humic fractions, the fraction absorbed has a someWhai 
different colour, per unit of carbon, than the unabsorbed. ^ But it 
spite of these limitations, the separation of humus extracts into fulvic 
and humic acids is ytill made by many workers, though their separatioi 
into further groups of acids has, on the whole, been dropped for severa 
decades. 


The Composition of the Humus Colloids 

Humus is not a single substance, so does not possess a constam 
composition — its composition depends on the soil from which it hai 
been extracted and the method of extraction used. The element: 
hydrogen, carbon, nitrogen, oxygen, phosphorus and sulphur entei 
into its essential constitution, and perhaps no other elements can b( 
regarded as forming an integral part of humus, although humui 
extracts will commonly contain small amounts of most of the element! 
in plant ash. We still know very little about the carbon content of soi 
organic matter because of the difficulty of separating it from th< 
mineral matter in the soil, but it is customary to assume it is 58 per cen 
although 60 per cent, or possibly even a little higher, is probably a more 
accurate figure. The oxygen and hydrogen contents of humus are parti' 
cularly difficult to determine for this same reason, but a carbon, oxygen 
hydrogen ratio by weight of 100:55:7 may be a reasonable average 
The composition of humic and fulvic acids cam be determined mon 
easily; and humic acid has a higher carbon and often higher nitroger 
content, about the same hydrogen and a lower oxygen content that 
fulvic. Thus M. M. Kononova® found the mean carbon, oxygeH; 
hydrogen and nitrogen contents of humic and fulvic acids' from 2 

* L. T. Evans and E. W. Russell, J. Soil Set., 1959, 10, 119. 

* Trans. 6 th Int. Congr. Soil Sci. (Paris), 1956, B, 557. 
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number of soils to be about 61, 31, 3-7 and 4’i for the humic, and 4.6, 48, 
35 and 2*4 for the fulvic acids. The ratios of carbon, nitrogen, sulphur 
and phosphorus in the organic matter can be more accurately deter- 
mined and do not usually vary over wide limits in different soils being 
of the order too : 10 : i : i by weight, as will be discussed in more detail 
on pp. 280-2. 

Most of the particles in the humus dispersion have about the same 
electrophoretic mobility, and are about the same size in alkaline solu- 
tions, namely, 30-100 A., though they are polydisperse in acid or neutral 
solutions. They have an average molecular weight of between 5,000 and 
50,000, and the larger particles may be elongated rather than spherical.^ 
The particles show no crystalline structure in X-ray or electron 
diffraction cameras.® 

Humus particles are built up from a number of simple substances as 
can be proved by suitable methods of hydrolysis. At least 5 per cent, 
and possibly considerably more of the organic carbon is present as sugar 
residues,® and the following sugars have been recognised in the hydro- 
lysates: galactose, glucose, mannose, arabinose, xylose, rhamnose and 
ribose, and humus from some soils also yields fucose.* A small propor- 
tion of these sugars are present as polysaccharide gums which can be 
isolated as such from soils and are probably produced by the soil 
bacteria, butBernier could only extract about 0-5 per cent of the organic 
carbon in some forest soils in this form. Humus, unlike plants, however, 
contains no cellulose, and it is naturally difficult to know if the small 
amounts of polysaccharide which can be isolated from the soil should 
be considered as part of the soil humus or of the soil micro-organisms. 
Again acid hydrolysis of soil humus releases amino-sugars, particularly 
glucosamine and galactosamine; and up to 10 per cent of the organic 
nitrogen in surface soils, and perhaps up to 20 per cent in subsoils may 
be present in this form.® Part of the humus may be in the form of 
polyuronides based on glucuronic and galacturonic acids, and at one 
time a considerable amount of the oi^anic carbon was considered to 
be in this form owing to the use of an unreliable method for estimating 
uronic acid, but although these acids certainly occur in humus hydro- 
1 lysates the older method of determining uronic acid is now known to 

F. J. Stevenson ei al., Proc. Soil Set. Soc. Amer., 1952, 16, 69; 1953, 17, J- It. Wright, 

Schnitzer and R. Levick, Canad. J. Soil Sci,, 1958, 38, X4; H. Beutelspacher, 
lyjiindhr., 1952, 57, 57, and see also G. Bergold, Jidturforsch., 1946, l, too, who also 

tind' molecular weights of this order. 

VV. Flaig and H. Beutelspacher, PflEmdhr., 1951, 52 > *• 

See, for example, D. L. Lynch, H. O. Olney and L. M. Wright, Soil Sci., 1957, 84, 405, 
7 - Sci. Food Agrk., 1958, 9, 56. 

W. G..C. Forsy th, Biochem. J., 1950, 46, 141, and B. Bernier, Biochem. J., 1958, 70, 590. 

. 1 . M. Bfemner and K. Shaw, J. Agric. Sci., 1954, 44, 152; J. M. Bremner, J. Sci. Food 
d<;’ , 1958, 9, 528; F. J. Stevenson, Soil Sci., 1957, 83, 1 13, and 84, 99; F. J. Sowden, SoU 
'959,88,138. 
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give figures that may be much too high,^ and more reKablc methods 
have not been introduced long enough for any body of data on the 
amounts of uronic acids in soils to be available, but it is possible that 
between 5 and 10 per cent of the organic carbon in a soil is present as 
polyuronides. 2 Thus taking ail these figures together it is likely that 
well over lo per cent of the organic matter in humus is present in 
various polysaccharide forms. 

Acid hydrolysis of humus also yields appreciable amounts of amino 
acids, and in general between 30 and 50 per cent of the organic nitrogen, 
corresponding to about 15-25 per cent of the organic carbon, can be 
formed as a-amino nitrogen distributed between twenty amino acids^ 
and the amides asparagine and glutamine.* The techniques so far used 
have not been suitable for determining quantitatively the amounts of 
the sulphur-containing amino acids which could be liberated u$iiig 
suitable methods, but it is known that they are produced during this 
hydrolysis.® The proportion of the nitrogen that can be found as 
amino acids is rather higher in surface than in subsoils,® and its distri- 
bution between the various amino acids is reasonably constant for a 
wide range of temperate soils, unless they belong to widely different 
great world groups.’ These amino acids could be, and are commonly 
assumed to be, derived from the hydrolysis of proteins but there is no 
other evidence than this for the presence of proteins in humus. If the 
humus does contain protein it cannot be present as free protein, as this 
should be readily attacked by the soil micro-organisms, and it should be 
capable of displaying positive charges in acid solution, which humus does 
not do. Presumably most of these must have reacted with other groups 
in the humus, or possibly as Sowden suggests have formed complexes 
with heavy metal cations. The a-amino nitrogen is not distributed quite 
uniformly through the various humus fractions, but is usually higher 
in the humic than the fulvic fraction, and higher in sodium hydroxide 
than sodium pyrophosphate extracts.® 

The forms in which the remainder of the organic nitrogen and carbon 
are present, in each case between 50 and 70 per cent, and the forms in 
which the organic phosphate jftid sulphur are present are more 
difficult to determine. Some of the sulphur is present in amino acids, 
for cysteic acid is found in the acid hydrolysates and some is almost 

^ H. Deuel, P. Dubach and R. Bach, ^Emahr,, 1958,-81, 189, and 82, 97. 

* See, for exsunple, D. L. Lynd et aL, Proc, Soil Set, Soc, Amer,, 1957, 2Z, 160, and Soil Scu, 
1959, 87* 273 - 

* J. M, Bremncr, Biochem. J., 1950, 47 , 538; F. J. Stevenson et al., Pm, Soil Sci, Soc. Amer., 

1952, x6, 69. * F, J. Sowden, Canad. J. Soil Sci,, 1958, 38, 147 * 

* J. M. Bremncr, J. Sci. Food Amc., 1952, 3, 497. 

* F. J. Sowden, Soil Sci., 1956, §a, 491. « ^ 

’D. I. Davidson, F. J. Sowden and H. J. Atkinson, Soil Sci,, 1951, 71, .7; with D. 1 - 

Parker, Sci. Agric., 1952, 3a, 163; and J. Carles, L. Soubi^ and R. Gadet, I95^> 

1229. * Sec J. M. Bremncr, J. Agric, Set., 1955, 46 , 247* 
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certainly present as mediionine or a related form; and some of the 
phosphate is present as inositol phosphates. But it seems very unlikely 
that these can account for the major proportion of the sulphur and 
phosphates humus contains, and no appreciable amounts of other 
organic compounds of sulphur or phosphates have been recognised. 
In particular relatively little either of the nitrogen or the phosphate 
are present as nucleic acid or its derivatives.' 

A considerable proportion of the remaining organic carbon is com* 
monly assumed to be based on fused polyphenol rings probably 
containing quinone and dihydroxy groups both in the ortho- and the 
para- positions on the phenyl nucleus; and much of the residual 
nitrogen is assumed to be incorporated in these compounds, partly as 
amides and partly in forms very resistant to acid hydrolysis, so possibly in 
heterocyclic rings. These substances are almost certainly derived in 
part from the products of microbial metabolism, * but they could be 
derived in part from plant lignins during their decomposition, though 
simple plant lignins do not form any appreciable proportion of the soil 
organic carbon.® However, no methods are yet available for dis- 
tinguishing between these two possible modes of formation, so their 
relative importance cannot be quantitatively assessed. Unfortunately 
the amino-acid based and the polysaccharide-based moieties of the 
humus cannot be separated from the aromatic based, so the properties 
and constitution of this group can only be deduced from a study of 
humus or humus fractions as a whole. But it is this fraction which 
gives humus its dark colour and probably many other of its properties. 

The aromatic-based groups can be characterised by their ultraviolet 
absorption spectra when in suspension, by the amount of oxygen they 
will take up under standard conditions, by their buffer curves and the 
effect of methylation on the curves, by their methoxyl contents and 
possibly by their ability to form complexes or chelates with heavy 
metals; and their properties as determined by these methods are con- 
sistent with them containing polyphenols. Thus substances formed by 
condensing quinones with amino acids and the humus-like substances 
produced by some micro-organisms have very similar ultraviolet 
absorption spectra.* Again humus takes up molecular oxygen when in 
alkaline solutions in a manner very similar to that in which lignins and 
many polyphenols of known composition do,® and in fact the humus 

^ See, for example, A. P. Adams, W. V. Bartholomew and F. £» Clark, Proc, Soil Set, Soc, 
Amer,^ I954» i8, 40, and G. Anderson, Soil Sci,, 1958, 86, 169. 

* For a review of the theories of the German workers, see J. M. Bremner, J, Soil Sd,, 1954, 
5,214. 

“S. Gottlieb and S. B. Hendricks, Proc, Soil Sci, Soc, Amer,, 1946, xo, 117, and R. I. 
Morrisoh, J, Soil Sci,, 1958, 9, 130. 

* F. Schaffer and E. Wclte, Z^chr, PflEmSkr,, 1950, 48, 250. 

^'See, for example, E, C. Shorcy, u.S, Dept, Ajmc, Tech, Bull, 21 x» 193^* Juncker, 
^olloid-Ztsckr,, 1941, 95, 213; and J. M. Bremner, J, Soil Sci,, 1950, i, 198. 
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fractions from different soils can be characterised by the amount they 
take up. This method has been developed by A. G. Norman and W. J. 
Peevy^ and by C. D. Moodic* using hypoiodite as an oxidising agent. 
The chemical groupings necessary for this autoxidation in alkaline 
conditions to occur include the presence of di- or tri-hydroxy groups 
on the phenyl nucleus either in the ortho-position as in catechol and 
gallic and tannic acids, or in the para-position as in hydroquinone; and 
although the chemical reaction brought about by the autoxidation is 
not known it probably involves the formation of new carbon rings, 
possibly sometimes a 7-membered ring;® and at the present time it is 
reasonable to assume that humus fractions can autoxidise because they 
possess such dihydroxy-phenyl groups. J. M. Bremner^ found that the 
humic acid fraction usually took up more oxygen than the fulvic, but 
on autoxidation some of the fulvic fraction was converted to the huni^ic. 
Some information on the constitution of humic acids can be obtained 
from a study of their buffer curves. W. S. Gillam,® for example, studied 
the buffer curves of humic acid separated from a prairie, a chernozem 
and a chestnut soil both in their natural condition and after they had 
been methylated to convert the greater part of the non-carboxylic 



Fio. 19. The effect of methylating humic acid on its titration curve. 


hydroxyls into methoxyls. This should remove all those hydroxyls 
which give the humic acid its very weak acid character, that is, those 
which dissociate hydrogen ions in neutral and alkaline conditions, but 
leave the carboxylic acid groups functional. Fig. 19, which is redrawn 

^Proc, Soil Sci, Soc. Amer., 1939, 4, 183. ^Soil Sci., 1951, 7X,»5t» 

*R. D. Haworth et al., J, Chem, Soc,, 1951, I3i8» 1325. * J. Soil Set., 1950, x, 198. 

* Soil Set., 1 940, 49, 433, and for a further example sec F. E, Broadbent and G. R. Bradford, 
Soil Sci., 1952, 74, 447. 




ACIDIC OBOUP8 1M BVHV8 273 

from his paper, shows that methylation destroys most of the buffering 
above jSH 5 and that the carboxylic acids have a pK about 4-5, which is 
normal for this group. He determined certain other properties of these 
acids, which are given in Table 58, and he also compared his results for 

TABLE 58 

Methoxyl Content and Cation Exchange Capacity of Humic Acids and 
Lignin before and after Methylation 

In mil/i^quivalents per 100 gm. 


Material 

Methoxyl content 

Cation exchange capacity 

Untreated 


Gain 


After 

methy- 

lation 

Loss 

Humic acid, PI 


281 

248 

394 

273 

121 

P2 . 


289 

235 

274 I 

227 

47 

P3 . 

56 

255 

199 

253 

246 

7 

Lignin from 







Corn cobs 

444 

935 

1 

491 

28 * 

2 

26 


Composition of the Humic Acids 


Acid 

Separated from 

Per cent ash 
oven-dry 
basis 

Per cent on ash-free basis 



Nitrogen 

Oxygen 

PI 

Prairie 

6-9 

58*3 

4*5 

5-9 

31-2 

P2 

Chestnut soil 

7-8 

58*8 

5-5 

5*5 

30-2 

P3 

Chernozem soil 

3-6 

SS.6 

5-2 

6-0 

33*2 


these acids with those he obtained from a maize (corn) cob lignin* 
Clearly if lignin is the precursor of humic acids in soils, its conversion 
involves the loss of methoxyls and of hydroxyls which can be methylated 
and a gain in carboxyls. 

It is not yet possible to give a proper interpretation of the type of 
hydroxyls which cause the buffering from pH 5 to pH g. Normal 
aliphatic alcohols are very weak acids, only exerting appreciable buffer- 
ing in ver/ alkaline solutions, and phenol itself only exerts strong 
buffering above pH 9. Certain substituted phenols, such as the dinitro- 
phenols, buffer at a considerably lower pH than this, which shows that 
the ease with which hydrogen ions dissociate from phenolic hydroxyls 
depends on the neighbouring groups on the phenyl ring; and in 
particular it is probable that di- and tri-hydroxy phenols, in which the 
hydroxyls are adjacent to each other, i.e. on the i :2 or i :2 :3 positions, 
begin dissociating hydrogen ions at a pH not much above that at which 
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carboxylic acid buffering ceases. However, it is possible that at least a 
part of the buffering in the range />H 5 to j&H 7 is due to metallic ions 
such as aluminium which humic acids hold strongly and which have 
not been removed during their preparation (see p. 284). 

One other characteristic of the buffer curves of humic acids may 
give some additional information on their constitution. It appears to 
be a characteristic of the titration of humic acid with a strong base;, 
such as sodium hydroxide, that once the solution is above neutrality 
the pH of the humic acid tends to drop on standing, indicating that 
new acidic groups are being produced. It is likely that the cause is the 
conversion of keto groups 


— G — CHa — to enol groups 

II 

O 


-- C = GH — , 

I 

OH 


\ 


a process known as the keto-enol transformation, and known also to 
go on only very slowly in some compounds. It is also possible, as 
pointed out by F. E. Broadbent and G. R. Bradford,^ that humus may 
dissociate hydrogen ions from groups other than hydroxyls in alkaline 
conditions, such as the imide group 



N 

I 

H 



though this group has not yet been proved present in humus. 

There is considerable evidence that at least part of soil humus is 
derived from lignin. S. Mattson and E. K. Andersson* showed that 
lignin suspended in an ammonia solution would autoxidisc in the 
presence of air, to give a humus-like product that contained nitrogen, 
and that the number of carboxyl groups it contained, its cation ex- 
change capacity at pH 7, and its nitrogen content all increased linearly 
with the amount of oxygen taken up. This behaviour is shown by 
polyphenols such as catechol and hydroquinone as well as by their 
corresponding quinones, and by gallic and tannic acids, in the same 
way as by lignins; and amines ana amino acids can replace ammonia, 
and the oxidation can be brought about by polyphenol oxidase as well 
as by autoxidation.® 

Mattson and Andersson have discussed some” consequences of this 
theory. Thus chernozem humus, being produced under neutral or 
slightly alkaline conditions, should be more oxidised and have a higher 

* Soil Sci., 1952, 74, 447. 

^ LonibrHdgsk. Ann,, 1943, r 954 > 3^9, and W. Laatsch, Ber. Landteohn,, I 94 °> 

No, 4. 

® For examples using o-benzoquinonc and aniline or some amino acids, sec R. H, Hackman 
and A. R, Todd, Biochem, J., 1953, 55, 631. 
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cation exchange capacity and nitrogen content than podsol humus, 
which is produced under acid conditions. This is in accord with 
observations. Thus A. G. Norman and W. J. Peevy^ found that a humus 
fraction, which they called lignin, from a prairie soil took up much less 
oxygen from a hypKjiodite solution than that from a podsolic soil and 
had a higher cation exchange capacity. M. D. Ridalevskaya and 
V. V. Tischenko® found that at pH 7 a podsol humus had an exchange 
capacity of about 280, and a chernozem about 490 milli-equivalents 
per too gm., and M. S. Anderson and H. G. Byers® found that the ratio 
of carbon to nitrogen in the humus of the surface layer of a podsol was 
about 22, of a podsolic soil about 12 -6, of a prairie soil about 12-2 and 
of a chernozem about 9-0. 

No clear picture can yet be given of the way the carbohydrate, the 
amino acid and the polyphenol moieties are combined together to form 
the humus particles. The association must be very close because it is not 
yet possible to remove all the carbohydrate or amino acid moieties from 
the polyphenol. Further, as the soil humus decomposes, all the major 
constituents seem to decompose at approximately, the same rate, in- 
dicating that they are not present as simple mixtures. The way the 
polysaccharide moiety is incorporated into the humus particle has 
been little studied, but considerable attention has been given to the 
form in which the amino acids assumed to be present as protein are held. 

As early as 1892 A. Hebert® and P. P. Deherain® suggested that the 
cause of this stability was that humus is an association between lignin 
and proteins synthesised by the micro-organisms, and this suggestion 
was revived independently by H. J. Page and R. P. Hobson® and by 
S. A. Waksman and K. R. N. Iyer.’ Page and Hobson showed that 
alkaline lignin solutions can be partially oxidised with eaisc, and in this 
state can readily combine with proteins to form stable complexes. 
Waksman and Iyer suggested the reaction was similar to a tanning 
process, the carbonyls of the lignins condensing with the amino groups 
of the protein, and they showed that such compounds were resistant to 
further decomposition. The only alteration one needs to make in this 
picture since it was originally put *forward is that only a part of the 
humic nitrogen can be present as protein, and the tanning polyphenols 
must be much more complicated than lignin and may themselves 
contain nitrogen. But since it has not been possible to prove that there is 


‘ Pm. Soil Sci. Soc. Amer., 1939, 4, 183, and see C, D. Moodie, Soil Sci., 1951, 71, 51, for 
extension of their results. 

Mology, 1944, 491. For other figures, see P. Schachtschabcl, Bodenk, PflEmShr,, 1940, 
22 23, 643; ForschDiensU Sonderh,, 1941, 17, 41 ; Z. Y. Lein, Trans, Dokuchaev InsL, 1940, 23, 59. 
'' Soil Sci., 1934, 38, 12 1. 

Ann. iigron., 1892, x8, 536. 

^ de Chimie Agricole, Paris, 1892. 

Agric. Sci., 1932, 22, 497* 
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a protein moiety in humus, it is more probable that it is amino acids 
rather than proteins which have reacted with the polyphenols. 

In conclusion it must be emphasised once again what is the maximum 
amount of proven knowledge about the composition of soil humus. 
It contains substances which hydrolyse to simple sugars, amino sugars 
and uronic acids; it contains substances which hydrolyse to amino 
acids, but only a proportion of the nitrogen it contains can be accounted 
for in these acids; it contains carboxylic acids and almost certainly 
hydroxyl groups in polyphenols. It seems to be exceedingly difficult 
to make any further progress in our knowledge of its composition, but 
this is probably what one should expect when it is realised that really 
nothing is known about the chemical reactions taking place betvyeen 
such simple substances as phenol and ammonia or pyrogallol and oxygen 
in alkaline solutions, each of which gives a dark-coloured polymer. \ 

THE CARBON-NITROGEN RATIO 

The carbon-nitrogen ratio of the organic matter has been frequently 
determined, both because it is not necessary to separate the organic 
from the mineral matter, and also because many workers have con- 
sidered such values helpful in assessing the influence of the organic 
matter on plant growth. The results of this analysis suffer from the 
serious limitation that they cannot be definitely interpreted, as the 
carbon compounds present in the soil are very heterogeneous: they 
vary from plant remains in various stages of decomposition through 
humified material to charcoal. Yet such is the lack of appropriate 
methods for analysing the soil organic matter that the ratio of the total 
carbon in the soil to the total nitrogen gives as useful a characterisation 
of the properties of the organic matter in the soil as any other method 
yet in use.^ 


TABLE 59 

Distribution of the C/N Ratio In some British and American Soils 


Percentage of soils examined whose C/N ratio falls In the range 



below 

5-5 

between 
5-5 and 84 

between 
8-5 and 114 

between 

II -5 and 144 

above 

144 

British 

American: 

— 

6 

76 

18 

— 

Surface , 


II 

38 

2i 

30 

Sub-surface . 

4 

39 

28 

IS 

14 

Subsoil . 

23 

56 

13 

6 

‘ 2 


^ For an account of the early literature on C/N ratios, see Soils and Fert., 1945, 8, i3> 
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The carbon-nitrogen ratio of nxany normal agricultural and natural 
soils falls within narrow limits, though because rf the complications 
already mentioned, there can be large variations between soils.' 
Table 59 gives an example of this variability for fifty British^ and 
sixty-three American® soils, which were, however, not selected to show 
the range of variability that might be expected under extreme condi- 
tions. But this variability has often been ^counted because in normal 
fertile arable soils, not containing any pieces of charcoal, as many soils 
do, the ratio is surprisingly constant and surprisingly independent of 
soil treatment. Table 60 illustrates this latter point, showing how at 
Rothamsted very different forms of manuring and cropping have only 
had a small influence on the C/N ratio, although they have caused 
large differences in the carbon and nitrogen contents. A C/N ratio of 
around 10 is, in fact, very common for English arable soils, and for grass- 
land and forest soils whose pYi is above 6. 

TABLE 60 

The Carbon and Nitrogen Contents and CjH Ratio of some 
Rothamsted Soils 



Per cent 
C 

Per cent 
N 

C/N 

Old pasture (3-7 in.)® 

152 

01 60 

9-5 

Old woodland (5-7 In.)® . . . . 

Broadbalk, after 50 years’ continuous wheat, 
1893: 

2-38 

0-250 

9-5 

No manure since 1839 (0-9 in.) . 

Complete minerals and 412 lb. of sulphate of 

0-89 

0-099 

90 

ammonia most years since 1843 { 0-9 in.) . 
14 tons of farmyard manure annually since 

110 

0-12 

90 

1843 (0-9 in.) 

2-23 

0-22 

lO-l 


A consequence of this relative constancy of the C/N ratio in a soil is 
that added organic matter decomposes to leave a residue having this 
C/N ratio. Hence, if organic matter low in nitrogen is added to the 
soil, the soil population will remove all the available ammonium and 
nitrates present in the soil to help lower the ratio, whilst if it is high 
in nitrogen, the decomposition will be releasing ammonium or nitrates 
into the soil. This is, in fact, the problem discussed on p. 246. But 
since the soil population attacks the added organic matter to obtain 

^ W. McLean, J. Agric. Set., 1930, ao, 348. 

* W. R. Lcighty and E. C Shorcy, Soii Sci,, 1930, 30, 257. 

’lam indebted to Mr. R. G. Warren for these figures. 
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energy from it, and since the consequence of this removal of energy, 
under aerobic conditions, is the production of carbon dioxide, the total 
carbon content of the material will be reduced, and if there is no loss 
of nitrogen, or no production of ammonium or nitrate, the C/N ratio 
will fall. As a consequence there is no strong connection between the 
C/N ratio of the added material and the level of inorganic nitrogen in 
the soil, as has already been indicated on p. 248. But if the added 
material is fairly easily decomposable, such as plant remains, the process 
of decomposition, in providing a residual product with a C/N ratio of 
about 10, will release inorganic nitrogen if the C/N ratio of the added 
material is under 25 and will remove inorganic nitrogen if it is much 
above 35 in temperate^ or 50 in tropical regions.® On the other hand, 
if the added material is already partially decomposed, as occurs in the 
deposits that accumulate on the surface and in the superficial layers 
of undisturbed soils, the process of decomposition will involve a smaller 
release of carbon dioxide per unit of carbon, and hence inorganic 
nitrogen may be taken up from the soil if the C/N ratio is considerably 
smaller than 35. , 

F. Hardy® has given an example of the value of a knowledge of 
this ratio in soils coming under cultivation. He found that in the 
cotton-growing areas of Queensland and the West Indies, if the C/N 
ratio of the undisturbed soil was below 8-5 in Queensland or below 10 
in the West Indies, cultivation released nitrates from the soil organic 
matter too rapidly for good cotton production; it is only on soils with 
a higher C/N ratio that good cotton is being grown. 

Certain general relations seem to hold between the carbon and 
nitrogen contents of a soil and the external conditions. The C/N ratio 
is typically higher under acid than neutral conditions, as would be 
predicted from Mattson’s theory of humic acid formation that the 
nitrogen content of this fraction increases with its degree of oxidation, 
which in turn increases with the /iH of the soil in which it is being 
formed. Thus low-moor peats or fens and chernozems, formed in 
the presence of an adequate lime and mineral supply, typically have 
a higher nitrogen content, and hence a lower C/N ratio, than high- 
moor peats and podsols formed under acid conditions. H. Hesselman^ 
foimd the nitrogen content of forest humus tends to increase with 
increasing /»H, and B. D. Wilson and E. V. Staker® found a very 
definite correlation between the C/N ratio of some New York peats 
and their calcium contents; in fact, their data show that the C/N ratio 

^ L. A. Pinck et al,, J. Atner, Soc, Agron,^ 1946, 38, 410. 

® C. N. Acharya et al., Indian J. Agric, Sci,, 1946, 16, 178. 

» Trap. Agric. Trin,, 1945, 22, 119; 1946, 23, 178, 

* Medd, Skogsjorsoksanst, 1926, 22, 169. 

* Cornell Agric, Exp, Stat,^ Bull, 537, 1932. 
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is more closely related to the caldum content than to the pH of the 
peat. Again, any conditions that encourage decomposition usually 
lower the C/N ratio, for the main effect of a rapid decomposition is 
for much of the carbon to go off as COg, leaving the nitrogen in the 
soil. Thus, cultivating a forest soil typically lowers the C/N ratio, and 
the C/N ratio of grassland soils under similar conditions of humidity 
tends to decrease as the mean annual temperature increases,^ i.e. as 
the mean rate of decomposition increases. 

The constitution of the soil organic matter must also vary down the 
soil profile, for the C/N ratio decreases with depth and may apparently 
reach figures as low as 4 under some conditions. * An example of this is 
given in Fig. 20, which shows the fall in the carbon content and C/N 
ratio down the Rothamsted profile. A part of this apparent fall is due 
to the inclusion of ammonium ions held by the clay in a form in which 
they can only be displaced by treatment with a strong acid. But even 
allowing for this, there is still a marked fall in the C/N ratio, as can be 
seen from Table 61 which also refers to a Rothamsted profile.® 


TABLE 61 

Effect of Adsorbed Ammonium Ions on the ^parent Fall in the CjN 

Ratio with Depth 


Depth 
m inches 

Per cent 
carbon 

Per cent 
nitrogen 

C/N 

uncorrected 

Per cent 
organic 
nitrogen 

C/N 

corrected 

1-9 

1-04 

01 22 

8-5 

0-113 

9-2 

18-27 

0-37 

0-055 

6-7 

0-044 

8-4 

46-54 

014 

0-031 

4-5 

0-024 

5-8 

73-81 

014 

0-031 

4-5 

0-024 

5-8 


The table shows that even allowing for the ammonium ions held by 
the subsoil, the nitrogen content of the organic matter there is very 
high, but little is known about its composition. Bremner finds the 
C/N ratio of the organic fraction which disperses in sodium hydroxide 
or pyrophosphate actually increases with depth, though the proportion 
of the organic matter which disperses drops; and so does the proportion 
of the nitrogen which appears as amino acids on acid hydrolysis. On 
the other hand, the proportion of the organic nitrogen which disperses 
after a single treatment with the hydrochloric-hydrofluoric acid 
increases with depth. 

^ H. jenny, Missouri Agrie. Expt. Sta., Rts. Bull. 15a, I^O. 

® For an example fix>m Scottish forest soils, see J. M. Snewan, J. Agric, Set., J18, 334. 

\J. M. Bremner, J. Agrie. Set., 1959, 5a, 147. F. J. Stevenson {Soil Sei., 1959, W, aoi) hat 
confirmed these results for a variety of American soils. 
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THE PHOSPHORUS COMPOUNDS IN THE ORGANIC MATTER 

All soil organic matter contains phosphorus, derived in the first 
instance from the plant residues returned to the soil. There is not much 
data on the phosphorus content of organic matter because of the great 
difficulty of bringing all the organic phosphorus into solution or sus- 
pension without breaking it down to inorganic phosphates. Some 
results of R. W. Pearson and R. W. Simonson ^ for seven Iowa soils 
indicate that the carbon-phosphorus ratio in the organic matter com- 
monly lies between lOO and 200 and the nitrogen-phosphorus ratio 
between 8 and 16, though some of their results fell considerably below 
these limits. P. H. Nye and M. H. Bertheux,® however, found much 
higher ratios than this in the Ghana soils they examined. They found 
carbon-organic phosphorus ratios up to 500 on gneiss and granitic soils, 
and up to 350 on sandstones and basic igneous rocks, with nitrogen- 
organic phosphorus ratios of up to 40 and 25 respectively. They also 
found that their ratio of carbon to phosphorus was appreciably lower 
in the subsurface (6-12 inches) than in the surface (o~6 inches) layer, 
and was about the same in forest as in savannah soils. 

The principal organic phosphorus compounds in the soil may not yet 
have all been recognised. Phytin, which is inositol hexaphosphate, 

Dyer, U,S, Dept, Agric,, Office Exp. Sta., Bull, 106, 

* Proc. Sail Sci, Sac. Amer., 1939, 4, 162, J. T. Auten {SouSci,, 1922, 13, 119), also of Iowa, 
found similar ratios. 

•J. Agric. Sci., 1957, 49, 141. 
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and other inositol phosphates cerftdnly occur. C. A. Bower,^ working in 
Iowa, found that about 40-50 per cent of the organic phosphorus could 
be hydrolysed to inositol phosphates, of which about two-thirds was 
phytin and one-third mainly the triphosphate. W. J. Dyer and C. L. 
Wrenshall* also found phytin was present in considerable amounts in a 
Canadian peat, though R. K. Yoshida’s® results on some Hawaiian soils 
indicate that a much smaller preparation of their oi^anic phosphates is 
combined with inositol. 

The second group of phosphorus compounds recognised in the soil 
organic matter consists of nucleic acid and its nucleotides, but as 
already mentioned on p. 271, only a small proportion of the organic 
phosphorus in a soil, possibly up to o*6 per cent, has been found in 
forms which could have been derived from nucleic acid or nucleotides.* 
No other compounds have been recognised in appreciable amounts 
though small quantities of the phospholipid lecithin have been isolated. 
Thus about half the organic phosphorus present in soils is in forms that 
have not yet been identified. 

It is not known in what form the inositol phosphates occur in the 
organic matter, nor in which humic fractions they are concentrated. 
They must be protected in some way from the soil enzymes as they are 
readily dephosphorylated if mbced with the soil, that is, they have their 
phosphate groups split off as inorganic orthophosphate anions.® This is 
also shown independently by the fact that these organic phosphates can 
only be extracted in good yield from the humic material if it is subjected 
to fairly drastic pre-treatment. However, Dyer and Wrenshall* found 
that iron phytatc, which they consider to be the principal phytin 
compound present in acid soils, is much more resistant to dephos- 
phorylation than the free phytin. 

TiiE SULPHUR COMPOUNDS IN THE ORGANIC MATTER 

Very little is known about the sulphur content of organic matter or 
the forms in which it occurs. C. A. Evans and C. O. Rosff found that 
the sulphur content of the Minnesota soils they examined varied from 
about one-hundredth of the carbon content in the prairie soils to be- 
tween one-half and one-quarter of this proportion in the podsolic soils. 
P. Madonov® found that the nitrogen-sidphur ratio in the organic 
I matter of some Kazan chernozem and chestnut soils was between 10*5 
; and 1 1 '4, agreeing fairly well with the ratio of 8-10 found by Evans and 
Rost for the Minnesota chernozems. Australian* and New Zealand*® 

* M Set., 1945, 59, 277. ‘S?!/ Set., 1941, SI, 235. • Saif Sc:., 1940, 50, 81. 

G. Anderson, Soil Sci., 1958, 86, 169. 

W. J, Dyer and C. L. Wrenshall, Soil Sci, 1941, 51, 159; H. T. Rogers, ibid., i^2, 54, 439. 

, iod Sci., 1941, 51, 235. ’ Soil Sci., 1945, 59, 125. • Pedology, 1946, 517. 

, “‘‘c, for example, C. H. Williams and A. Steinbergs, Ausl. J. Agric. Res., 1958, 9, 483. 
for example, T. W. Walker and A. F. R. Adams, Sou Sci., 1958, 85, 307. 
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workers have also found nitrogen-organic sulphur ratios of 8 common ir 
their soils, with the possibility that it is rather higher than this in acid soils. 

Some of the sulphur occurs in the amino acids produced by acid 
hydrolysis of the humus, and cysteic acid can be found in these hydro- 
lysates and it is likely that they also contain methionine. But it is un- 
likely that these can account for more than a small proportion of the 
sulphur in humus, and nothing is known about the form in which the 
rest occurs. 


Properties of Soil Humus 

REACTION OF HUMUS WITH METALLIC CATIONS 

There are not yet any universally acceptable methods by which, the 
ability of humus to hold cations can be examined, because one pibb* 
ably cannot yet separate all the humus from the mineral particlei 
without causing some chemical alteration. The types of method whicl 
gives useful information are based on one or other of the following 
principles. First one;, can use the natural soil and the same soil after as 
much as possible of the organic matter has been oxidised away by 
hydrogen peroxide, and assume that the treatment with peroxide has 
not altered the inorganic soil colloids. This is probably a reasonable 
assumption for many soils, but would fail if the organic matter is 
intimately associated with mineral colloids, as for example in allophane- 
rich surface soils. Secondly one can choose a series of natural soils all 
having similar mineral composition but because of different systems of 
land use have different amounts of organic matter. If one can assume 
that a property is increasing linearly with increase in organic matter 
then it is reasonable to assume that this property is due directly to the 
humus, or more probably to the humus when closely intermixed with 
the soil. The third principle is to study the properties of humic acid 
dispersions from the soil, and assume that this material represents fairly 
closely the whole of the soil humus, and that its properties are not 
appreciably affected by being closely associated with the inorganic 
colloids. 

There seem to be no examples of these three groups of methods being 
used on the same soil, so it is not possible to discuss how far they all give 
concordant results. The first two methods havc^ mainly been used to 
determine the cation exchange capacity of the humus. L. G. Olson 
and R. H. Bray^ using the first type showed that for a range of American 
soils it varied from 30 to 280 milli-equivalents per 100 gm. humus; and 
E. G. Hallsworth and G. H. Wilkinson ^ using the second for grpups of 
soils from New South Wales found mean exchange capacities of about 
1 Soil Set., 1938, 45, 483. * J. Agric. Scu, 1958, 51, I, 
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70 milli-equivalents per 100 pn. humus in acid podsols (mean pVL 4-8), 
130 for some moderately acid soils (mean /)H 5-8), and 300 for some 
chernozems (mean pH 7-2); whilst L. T. Evans^ finds the exchange 
capacity of a humic acid isolated from a neutral old grassland soil at 
Oxford to be about 300 milli-equivalents per 100 gm. 

Most of the detailed electrochemical properties of humus have been 
determined on humic acids, as this is technically much easier to do. 
In the first place humic acid, and soil humus, hold certain metallic 
cations very firmly, and this has complicated the interpretation of 
some of the older results in the literature, for often what was considered 
to be a pure acid humus contained in fact aluminium and other 
metallic cations which affected appreciably the properties being 
measured. Humus holds di- and tri-valent metallic cations much more 
firmly than the alkali metal cations, as one would expect. Thus 
leaching a soil with sodium chloride will not remove all these cations — it 
is necessary to use the sodium salt of an acid whose anions form stable 
complexes or chelates with them. Thus leaching a soil with sodium 
pyrophosphate or oxalate will remove a much larger proportion of 
di- and tri-valent cations than will a sodium chloride solution, and the 
sodium humus thus produced disperses relatively easily. This is in 
fact the reason these salts are such useful dispersing agents for some of 
the soil humus. 

It has been known for a number of years that peats and humic 
extracts would absorb copper ions strongly from dilute solutions,* and 
H. Lees® has even suggested that the amount of copper a soil could 
absorb under standard conditions could be used as a measure of the 
active humus in that soil on the basis that one atom of copper is held by 
every 60 atoms of carbon in the active humus, which corresponds to 
80 milli-equivalents of copper per 1 00 gm. of active humus. 

S. G. Heintze and P. J. G. Mann* also showed that the humus in 
soils would hold manganese firmly and that this could be displaced by 
other metallic ions increasingly strongly in the order calcium, nickel, 
cobalt, copper and zinc,® which is almost the same as the order of the 
stability constants of normal chelates of the divalent metals, given by 
H. Irving and R. J. P. Williams® as calcium, manganese, ferrous iron, 
cobalt, nickel, and copper, with zinc usually being a little weaker than 
copper. This has naturally suggested to several workers that humus can 
form chelates with suitable metallic cations, but not enough critical 
work has yet been done to prove if this ability of humus to hold these 

' J. Soil Sci., 1959, 10, no. 

‘ tor an example, sec L. E. De Mumbrum and M. L. Jackson, Soil Set., 1956, 81, 353. 

^liiochem. J., 1950, 46, 450. * J. Agric. Sci., 1949, 39, 80. 

^I'br an earlier paper in which this order was found, see A. Hasler, Mitt. Lebensm. Hyg. 

1943, 34, 79. • J. Chm. Soc., 1953, 319a. 
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cations is through such a specific method of bonding as chelation, namely, 
the metallic cation causing the closing of a cyclic ring structure in the 
organic groups, or if the metallic cations form some other type of co« 
or^ation compound. The bonding appears to be through hydroxyls 
that can be methylated,^ which would almost certainly be an integral 
part of the mechanism if chelation is involved, and R. S. Beckwith^ 
showed that the titration curve of an acid humus holding some copper 
ions was in accord with these ions being in a chelate. A. E. Martin and 
R. Reeve,® however, considered that the metal ion on absorption did not 
displace sufficient hydrogen ions for simple chelate formation. 

Humic acids holding metallic cations in complexes or chelates have 
a different shaped buffer curve from that of the acid if all the metal has 
been removed. Martin and Reeve, in the paper just quoted, shewed 
that a humic fraction dispersed from the B horizon of several pddsols 
by treatment with the chelating agent acetyl acetone, a treatment 
which removes nearly go per cent of the organic carbon, contained a 
large amount of aluminium and had a carbon-aluminium ratio between 
5 and 9, which could be increased by stages, through the removal of 
aluminium with a strong cation exchange resin, to 152; and their 
results for two of these fractions is illustrated in Fig. 2 1 . The aluminium- 
containing humus had a buffer curve that was almost a straight line 
from 3 "5 to 8, when the pH measured in normal potassium 

chloride was plotted against the amount of sodium hydroxide added. 
On removing the aluminium, the total buffering to pH 9 was hardly 
affected, but a much larger part was displayed at the lower pH end, so 
the buffer curve became strongly concave. Up to pH 7 the aluminium- 
containing humic acid required 380 and the low aluminium acid 620 
milli-equivalents, though this gain of 240 milli-equivalents was brought 
about by the removal of 560 milli-equivalents of aluminium. The 
of the humic acid dropped from 3-5 to 2-5, and the apparent pK of the 
add fell from 6-2 to 4-1, a figure typical of the stronger carboxylic 
acids, though this is still considerably higher than the value of 2-95 
found by S. P. Saric and R. K. Schofield* for the carboxyls attached to 
polysaccharides such as cellulose,. xylans and pectic acid. Beckwith 
also observed this apparent straightening of the buffer curve if the 
humus contained complexed cations, and he also showed that if a given 
amount of any of these cations is added to a imldly acid humic sus- 
pension, the drop of pH is greatest with copper and zinc and least for 
manganese, as one would expect on the chelate picture. 

Humic acids separated from acid soils are commonly found to hold 
aluminium ions, as in the example given by Martin and Reeve and 

^ F. L. Himes and S. A. Barber, Proc, Soil Scu Sac. Arm,, 1957, 2X, 368. 

^Nature 1959, 184,745. > J. Soi/SW., 1 95C, 9, 89. 

*Proc. Rf^. Soc., A 1946, 185, 431. 
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described in the preceding paragraph. Thus E. G. Williams and his 
co-workers^ at the Macaulay Institute found that for a number of 
Scottish soils both the aluminium extracted by Tamm’s acid exalate 
solution and the iron extracted by dithionate were closely correlated 
vviih the organic carbon in the soil. This ability of organic matter to hold 
aluminium ions by chelation may also explain in part the apparent 
differences in the exchange capacity of humus from different types of 
soil, which was mentioned on p. 283, for one would expect, on this 
picture, that the more acid the conditions under which the humus in a 
mineral soil is formed, the greater is its aluminium content likely to be 
and the smaller its exchange capacity. 



|Fig. 21. The buffer curves of a dispersed humus with a carbon-aluminium ratio of 8-5 
(Curve I) and 152 (Curve II). 

|the clay-humus complex 

Humic material has for a long time been known to absorb, or be 
absorbed by, clay particles. Thus, Th. Schloesing® wrote in 1874 that 
“L’argile posside une certaine tendance a s’unir aux humates du 
terreau pour former probablement une de ces combinaisions entre 
colloides signalces par Graham.” He attempted to separate the humus 
from tlie clay by suspending the mixed sol in ammonia and then adding 
ammonium chloride which flocculated the clay, but left much of the 
humus in suspension. He also found that the quantity of chloride re- 
quired to flocculate the clay increased with the amount of humus 
present, a phenomenon that was first investigated in any detail by 
h*' Fickendey.* 

‘ E. G. Williams, N. M. Scott and M. J. McDonald, J. Set. Food Agrk., 1958, 9, 551 . 

’ Ufi., 1874, 78. 1276. * J' 1906. 54 . 343 - 
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Several lines of evidence have been advanced to show that mud 
or most of the humus in a soil can be in close association with the cla 
particles. Direct microscopic examination of thin sections of most soils 
using the technique of W. Kubiena,^ indicate that in many mull am 
arable soils nearly all the humus is closely associated with the cla 
particles and cannot be seen separately from them, and this is in con 
formity with electron microscope photographs which also show that ii 
such soils the humus appears to be dispersed evenly throughout th 
soil aggregates.^ On the other hand if a humus suspension is shaken u] 
with a pure kaolinite, it is absorbed at the crystal edges and not on lli 
sheets themselves.^ 

A second line of evidence for the existence of the clay-humus compic: 
is derived from the methods by which humus is dispersed from a soli 
Thus if a soil is leached with sodium chloride, to convert it iplo ; 
sodium soil, and then is deflocculated, a portion oi' the humus wil 
disperse. If the soil is now treated with say sodium pyrophosphate o 
sodium hydroxide a further portion will disperse, but a portion \vi! 
still be left in association with the clay. If now the soil be treated will 
a dilute solution of hydrofluoric acid, or as is more usual with a mixtiir 
of hydrofluoric and hydrochloric acids, and a concentration betweci 
0*1 M and i M has been used by various workers, and the soil agaii 
treated w.ch sodium hydroxide, a further portion of the humus di^ 
perses; and this is a part of the so-callcd humin fraction of the diagran 
on p. 267. 

The interpretation of this effect of hydrofluoric acid in rcleasi> ; hunni 
is difficult because at the same time it dissolves a very appreciab! 
proportion of the mineral matter in the soil, about one third in J. M 
Bremner and T. Harada’s experiments;^ and it is not known wlia 
relation, if any, this large amount of dissolved mineral matter has ii 
the humus set free. It is possible that humic acid ]>articlcs are held 01 
the surface of silicic acid gels through hydrogen bonding in the sam 
way that protein and pectin films can be,*^ although the bonding nuv 
be on the surface of a clay particle on which is a silicic acid film. Ai 
observation of W. W, Emerson® would accord with this possibility, lo 
he showed that removing the humus fraction which dispersed in sodiun 
pyrophosphate from a Rothamsted grassland soil did not reduce th 
potential stability of its crumbs, whilst Bremner and Harada uav 
shown that these soils contain a considerable proportion of huiia^ 
which is only dispersible after a dilute hydrofluoric acid treatment. 

^ See, for example, some of the photographs in his So//s oj Europe^ Madrid, 1953* 

® E. M. Kroth and J. 15 . Page, Proc, Soil Sci. Sac. Amer., 1946, ii, 27. 

® W. Flaig and H. Beutelspacher, J^bchr, PJlErnahr., 1951, 52, i. 

\ 7 . Agnc, Scu, 1959, 52, 137. 

® P. F. Holt and C. W. Went, Trans. Faraday Soc.^ 1959, 55, 1435- 

® J. Agric. Sci., 1956, 47, 350. 
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The properties of the clay-humus complex compared with those of 
a mere mechanical mixture of clay and humus are difficult to study* 
Thus no real comparison has been made of the properties of a synthetic 
clay-humus complex, prepared for example by letting a soil clay absorb 
humic acid, with that of the natural clay-humus complex occurring in 
the soil. It is known that clays will absorb humic acid prepared from 
normal soils. H, E. Myers^ and D. I. Sideri^ have shown that in dilute 
dispersions the absorbed humus binds the clay particles into birefringent 
micelles, indicating that the majority of the clay particles in these 
micelles have a fairly definite orientation, probably because they are 
held either face-to-face or edge-to-edge. There is good evidence that 
humus does not enter between the plates of a montmorillonite clay to 
give sheets with a regular spacing, but no evidence cither way if it will 
allow sheets with random spacing to build up. The evidence is probably 
contradictory on whether a normal calcium clay can hold a definite 
maximum amount of humus, corresponding to a humus-saturated clay 
or not; E. Jung‘S finding evidence for a fairly definite saturation value 
and L. T. Evans and E. W, Russell^ finding no evidence for it. 

The clay-humus complex may have a cation exchange capacity a 
little less than that of the clay and the humus if measured separately. 
This can be proved by determining the buffer curves of a clay which 
has absorbed different amounts of a humic acid, and is provable by 
determining the exchange capacity of a soil before and after treatment 
with say a sodium carbonate-bicarbonate solution and of the humic 
acid extracted by the solution, but this does not seem to have been 
done. If this reduction is a general feature of the clay-humus complex, 
determining the exchange capacity of the humus from the loss in 
exchange capacity when a soil is treated with hydrogen peroxide (see 
p. 282) will underestimate the exchange capacity of the humus. 

The type of humus formed in the soil giving the clay-humus complex 
depends on the type of clay present. As an extreme example in the 
tropics, montmorillonite clays under conditions of seasonally poor 
drainage, form what are sometimes known as black cotton soils or 
grumosols, and their colour is due to some type of clay-humus complex, 
v\hilst neighbouring kaolinitic and red earth clays on better drained 
J'ites, or even on poorly drained sites close by, have their colour much 
less affected by comparable amounts of humus.^ The normal manner in 

liich the clay-humus co nplex is formed is, however, under conditions 

]Sml Scu, 1937, 44, 331. 

• Soil Sci.f 1936, 42, 461, and 1938, 46, 267; Pedology, 1946, 39. Sec also S. Henin and J. 
l^ijpuis, Anv, Agron., 1952, 3, 327. 

'\psclir. P/lErndhr., 1943, 32, 325. 

^ 7 . Soil Sd„ 1959, 10, 119. 

For an example, see S, Singh, J, Soil Sci., 1956, 7, 43. 
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of a good to reasonable calcium supply and an adequate amount of 
high to medium exchange capacity clay. Thus the normal light loams 
to clays of the temperate regions can all contain appreciable pro- 
portions of their humus in this form, particularly under conditions 
where earthworms are active, as in deciduous forests and pastures. 

The principal points brought out in this section are that two types 
of clay-humus complex probably exist. The first is due to the attraction 
of the negatively charged humic colloids for the positively charged spots 
on the soil surface. Soil conditioners of the polyacrylic acid type be- 
have in the same way as humus on these spots. ^ There is another type 
of clay-humus complex, whose chemistry has not been determined but 
involves clays carrying a fairly high electric charge and may involve 
free silica or silicate surfaces, which is the characteristic complex in 
pasture and mull forest soils in the temperate regions, and is possibly 
mainly produced in the gut of the earthworm. This complex may be 
formed through the hydroxyl rather than the carboxylic acid groups 
in the humus, and if so the synthetic soil conditioners would not be 
expected to form it. 

In conclusion, by way of summary, a soil may hold humus by five 
different mechanisms: simple isolated masses of humus, insoluble metnl 
complexes, humus held on positively charged spots in the soil, humus 
in or on clay interlayers and humus in or on silicates soluble in cold 
dilute hydrofluoric acid. The first humus group can sometimes be 
separated from the main mass of the soil by a flotation technique. The 
second group, which may sometimes include the first, can only be 
dispersed when the metals have been replaced by, say, sodium ions, 
which can be done by treating the soil with a salt whose anions form 
stable soluble complexes with the metallic ions responsible, and which 
one would expect to be done equally well by the use of suitable cation 
exchange resins. The third group is displaced by sodium hydroxide, 
for the alkalinity of this solution decreases the positive charges on the 
mineral colloids; but since it increases the negative charges on the 
humus, it will also disperse humus held by other mechanisms. Little 
can be said about the fourth and fifth mechanisms — this is, the humus 
released by hydrofluoric acid — but it may include an important part 
of the clay-humus complex. 

THE DECOMPOSABILITY OF SOIL HUMUS 

In general soil humus decomposes slowly in the soil, and it may take 
a very large number of years for, say, 90 per cent of the humus present 
in a soil to be oxidised away under normal conditions. It has already 
been noted that if proteins are present in the soil humus they are nnudi 
* See, for example, B. P, Warkentin and R. D. Miller, Soil Set., 195B, 85, 14- 
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more resistant to decomposition than normal proteins, possibly because 
their active groups have reacted with the soil polyphenols so there are 
Jew sites at which the microbial enzymes can initiate hydrolysis. 

However, this may not be the sole reason that proteins if present in 
the soil are more resistant to decomposition than fresh protein added 
to a soil. As long ago as i860 Thomas Graham^ found that gelatin 
added to a silicic acid gel was much more resistant to decomposition 
than the gelatin itself and several workers have shown that proteins 
absorbed on montmorillonite clays in particular, and to a much less 
extent on clays of lower cation exchange capacity ^ are more resistant, 
ai!:ain probably because their active groups are attached to the clay 
surface and so become inaccessible to proteolytic enzymes, although 
part of the reason may be that clays also absorb and inactivate enzymes 
ibr the same reason.^ 

The principal result of importance that has been established in the 
(1( composition of soil humus is that at least two separate processes are 
involved. If a soil is kept warm and moist but well aerated, humus 
decomposition proceeds at a steady but relatively very slow rate. If the 
soil is first dried and then moistened, a certain fraction of the humus 
undergoes very rapid decomposition, and once this is complete, which 
m.iy take 2-3 weeks, the rate falls to the low steady value just men- 
lior.ed. The drier the soil and the longer it is kept dry before wetting, 
ihe greater the flush of decomposition, and if the soil is taken through 
a number of such cycles of drying and rewetting, the amount of carbon 
oxidised to carbon dioxide, and nitrogen oxidised to nitrate, is rela- 
tively constant, and only falls off slowly as the number of cycles through 
viiich it is carried increases.^ No completely satisfying reason can yet 
be given for this flush of decomposition, nor is it known what fraction 
of the humus is involved, although in part it may be due to that portion 
which becomes readily dispersible in water each time the dry soil is 
wetted. A point of importance is that the humus as a whole appears 
to decompose, not any particular chemical fraction such as the protein 
or the carbohydrate moieties, which is concordant with the humus in 
a given soil being a fairly homogenous material and not a mere mech- 
ani('al mixture of different components. 

1 he decomposition of humus can probably also be increased slightly 
by adding decomposable organic matter to the soil, although the total 
amount of humus in the soil is increased. This can be shown by adding 
Trans., 1861, 151:, 183. 

* , for example, L. E. Ensminger and J. E. Gicseking, Soil Sci., 1942, 53, 205, and D. L. 

l yru h and L. J. Cotnoir, Proc. Soil Sci. Soc. Amer., 1956, 20, 367. 

“ft. ^bayashi, Biochem. J., 1928, 8, 205, and M. M. Mortland and J. E. Gieseking, 
Soil Sci. Soc. Amer., 1952, 16, lo. 

F(n recent experimental work on this subject, see H. F. Birch, Plant and Soil, 195B, lo, 9; 

Ti, 262; 1980, 12, 81. 

S.r, , - u 
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to the soil decomposable orgstnic matter containing rBdioBctive carbon 
or heavy nitrogen and estimating the proportion of these 
isotopes in the carbon dioxide and nitrate produced. An example of 
this effect has already been given in Table 56 on p. 259, and a further 
example, also taken from F. E. Broadbent and A. G. Norman’s papers^ 
is worth giving. They added i and 2 gm. respectively of Sudan grass to 
100 gm. of soil, incubated the soil for eleven days and measured the 
CO2 produced, and since 2*67 per cent of the carbon in the Sudan grass 
was they could compute the proportion of the CO2 produced that 
came from the oxidation of the soil organic matter. They found that 
49 mgm. of CO 2 were produced from the organic matter when the soil 
was incubated by itself, but that 216 and 329 mgm. were produced from 
it when i and 2 gm. of sudan grass were added. At the same time 
418 and 651 mgm. of COg were produced from the decompositioti of 
the Sudan grass. Thus, for about every 100 mgm. of CO 2 produced 
from the sudan grass by the soil micro-organisms, an additional 
40 mgm. is produced from the soil organic matter. So far no quanti- 
tative reasons can be given of why the soil organic matter becomes a 
better source of food for the soil population in the presence than in the 
absence of readily decomposable organic matter, but an active popula- 
tion can presumably decompose materials which are resistant when the 
population is working at a relatively low rate. 

The Level of Organic Matter in Soils 

The carbon compounds in the soil are in a continuous flux: car- 
bonaceous plant residues are continually being added which, by 
forming the primary food supply of the soil population, suffer a series 
of decompositions and syntheses. Part of the added carbon is converted 
into living protoplasm, part into the products of excretion of living 
organisms and part into forms resistant to decomposition. The main 
loss of carbon from a soil occurs as carbon dioxide diffusing into the 
atmosphere or being leached out as carbonic acid or bicarbonate, but 
some loss may also occur under *very acid conditions when mobile 
organic compounds are formed and leached out of the surface layer. 
They are typically precipitated in the B horizon in the subsoil, though 
some are washed oiSJt, as the colour of rivers flowing through the pine 
forests of northern Europe clearly shows. 

The proportion of carbon in these various forms, and the rate of loss 
of carbon from the soil, depends on th%,soil conditions; and if these 
conditions remain fairly constant the organic matter also remains fairiy 
constant, both in amount and composition; but if any important change 
^Proc. Soil Sci. Soc. Amer,, 1947, ii, 264; 1948, tz, 246, 
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rakes place — such as a change in the plant association, or in the aeration 

drainage of the soil — this equilibrium is upset. 

The organic matter content of a soil increases with the rate at which 
plant remains are added to the soil, though it also depends on the 
ivay they are incorporated with it. Forest soils typically have the 
bulk of their organic matter close to the soil surface, for the forest litter 
all falls on the surface, and most of the ephemeral tree roots are concen- 
trated near the surface, so that organic matter can only be brought 
into the sub-surface layer by worms and other soil animals. Prairie 
soils, by contrast, have a considerable proportion of their organic 
matter in the deeper horizons, for not only do they receive grass and 
other debris on their surface, but many of their grasses produce a deep 
extensive root system which annually may add a greater weight of 
organic matter to the body of the soil than the leaves add to the surface.^ 
I'he humus, which the decomposition of these roots yield, is thus 
produced in the deeper layers of the soil. Plate XXVII illustrates this 
difference for a prairie and a forest soil in Iowa. 

Arable soils receive organic matter from the residues of the crops 
growing on them. The crop always leaves behind much of its root 
system in the soil, but except for some grass and leguminous leys, the 
actual weight of roots is usually very small^ (p. 457). Most crops also 
leave a stubble and dead leaves, and the larger the crop the greater 
the weight of these residues, but the main source of organic matter in 
well-farmed arable soils that carry no leys is the farmyard manure 
they are given. 

'i’he rate of decomposition of the organic matter depends on the soil 
aeration, calcium supply and temperature. The more favourable a 
soil is for animal life, by being well aerated and adequately supplied 
with calcium, the more rapid in general is the decomposition: poorly 
drained or very acid soils which can only carry a small animal popu- 
lation nearly always have a higher organic matter content in their 
surface layers than well-drained neutral soils. High temperatures also 
encourage high rates of decomposition; the soil micro-organisms certainly 
decompose organic matter more vigorously at high temperatures, though 
It has not yet been established if this is also true for the soil animals. 

The net effect of climate on the processes of addition and decom- 
position of the soil organic matter for well-drained pasture soils* in 
the U.S.A. is that the organic matter content increases with increasing 

M. Kramer and J. E. Weaver, Uni»» Nebraska Conserv. and Surv, Div,, BulU I2, 1936, quoted 
- H. [enny. Factor!) in Soil York, X941. 

\u. B. Arnold and H. ], Page (J. Agric. Sci., 1930, 20, 460) came to this conclusion 
‘A heat and mangolds, and F. Hardy {Trap, Agric, Trin.y 1944, 21, 203) showed this also 
I lU'ki hr sugar-cane. 

‘ 1 or a discussion of the effect of climate on these soils, sec H. Jenny, Factors of Soil Foimation, 
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rainfall and with decreasing temperature — with the former because 
increasing rainfall favours greater plant growth without having much 
effect on the rate of decomposition, and with the latter because 
decreasing temperature both slows down the decomposition processes 
more rapidly than the growth of the plant, and also because it favours 
the synthesis of microbial protoplasm (p. 245). Shading the surface of 
the soil will also increase its organic matter content, for this lowers the 
maximum soil temperature, and in consequence the rate of oxidation ol 
the organic matter. This effect of shading is seen most strikingly in the 
tropics, for not only is the difference in day temperature between a 
bare moist soil, and the same soil under a forest or bush cover appreci- 
able, but oxidation proceeds correspondingly much more rapidly at the 
higher temperature. 

The effect of ploughing out and cultivating a pasture or prairie soil 
is to reduce its organic matter content, both because the better aeration 
produced by the cultivations increases the rate of oxidation of the 
organic matter, and also because of the lower additions of plant remains 
that usually accompany arable farming. An extreme example of this 
effect is furnished by peat and fen soils. These soils have accumulated 
large quantities of organic matter due to them being so badly aerated 
through water-logging that its decomposition has been inhibited. 
Draining and cultivating these soils immediately improves the aeration 
in the soil itself, with the consequence that the organic matter begins 
to oxidise away and the surface level of the soil sinks; a rate of sinking 
of I to 3 cm. a year is not abnormal. This sinking of the soil surface 
causes very great complications in the management of the area, for the 
drainage system must continually be deepened, and the cost of removing 
the water from the drains will continually rise. O. Djurle^ has given 
an example from Sweden, showing how this subsidence can be reduced 
by keeping the land in grazing leys or pasture as much as possible. 

American experience has consistently shown that the soil organic 
matter content decreases much faster when the land is cropped to 
wide-spaced crops, such as maize, which receive considerable inter- 
row cultivation, than to close-sp&ced crops, such as wheat, which 
receive none. Hence, a good crop rotation can have the valuable 
function of conserving the soil organic matter, as is shown by some 
results, obtained at the Ohio Experiment Station at Wooster, ^ given 
in Table 62, Whereas nearly two- thirds of the organic matter has been 
lost from the continuous maize plots, only about one-sixth has been lost 
from the three-course rotation. 

* Svemka ValUo. MosskForen, Kvartalsskr,, 1946, 8 , 248. i' 

* R. M. Salter and T. G, Green, J. Amer\ Soc, Agron., 1933, 25, C22. H. E. Myers etal., 
Kansas Agric. Expt. Sla., Tech. Bull. 56, 1943, have given another good example ol thes<' 
effects in that State. 
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Effect of Crop Rotation on the Organic Matter Content of 
Arable Soils 

Crops grown since 1894 without manure or fertiliser' 

Weight per acre in top 6§ inches of soil 


Initially (1894) ...... 

After 30 years’ cropping to continuous maize . 
After 30 years’ cropping to continuous wheat . 
Five-course rotation; 

maize-oats-wheat-clover-timothy . 
Three-course rotation* 
maize-wheat -clover 


Carbon 

Nitrogen 

in 1,000 lb. 

in 100 lb. 

20-4 

21-8 

7-4 

8-4 

12-8 

13-1 

15-5 

15-5 

17-1 

17-8 


These results show that the organic matter content of an arable soil 
tends to an equilibrium value depending on the crcfp rotation practiseds 
for a given soil under given climatic conditions, it is lowest for rotation; 
containing a high proportion of wide-spaced intertilled crops or culti- 
vated fallows, and it increases as the proportion of small grains in the 
rotation increase, and it increases still more as the proportion of grass 
leys increase. Fig. 23 on p. 319 shows that this is so for grassland at 
Rothamsted. The normal nitrogen content of Rothamsted arable land 
is about O' 1 1 per cent, and for old grassland 0-25 per cent: when 
land is laid down to grass its nitrogen content increases rapidly at first, 
and then slowly up to this figure. Again, when greissland or prairie 
is broken up for arable the organic matter and nitrogen content fall 
rapidly to begin with, and then more slowly to a figure characteristic 
for tlie system of farming on the soil;® the losses of nitrogen consequent 
upon this change in land use are discussed on p. 317. 

Adding farmyard manure regularly to an arable soil either increases 
its organic matter, if it had previously reached an equilibrium value, 
or else reduces its rate of loss, if tha*t is occurring. Thus, on Broadbalk 
field, which has been in continuous wheat since 1843, the nitrogen 
content in the top 9 inches of soil on the unmanured plot and the plot 
receiving no nitrogen fertilisers has remained steady at about o-io per 
cent, whilst that on the plot receiving an annual dressing of 86 lb. of 

' ‘^'ome plots received dressings of lime, which appeared to have no effect on the carbon 
‘Jf nitrogen contents of the soil. 

' ^’^ince 1897. 

1 or an example of this from the Wiutc Institute, Adelaide, see G, B. Clarke and T. J. 
‘^larslsall, Aust, j. Counc. Set. Indust, Res,, 1947, 20, 162, 
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nitrogen as sulphate of ammonia has remained steady at about o*i2 per 
cent,^ as shown in Table 63. 


TABLE 63 

Nitrogen Percentage in the top 9 in. of Broadbalk Soils 


Plot 

^ j 

5 

7 

2A 

2B 

Manuring 

None 

PK 

NPK 

Farmyard manure 

Since 1885 

Since 1843 

Year 

1865 . 

0*105 

0*106 

0*117 


0175 

1881 . 

0*101 

0*107 

0*121 

— 

0-184 

1893 . 

0*094 

0*101 

0*115 

0*136 

0*213 

1914 . 

0*093 

0*103 

0*115 

0*191 

0 * 236 ^ 

1936 . 

0*103 

0*105 

0*120 

0*186 

0*226 

1945 . 

0*105 

0*106 

0*123 

0*194 

0*236 


On the other hand, annual dressings of 14 tons per acre of farmyard 
manure, which contains about 200 lb. of nitrogen, doubled the nitrogen 
content in fifty years, and brought it to a nearly stable value of 0*24 per 
cent in 70 years. However, on the neighbouring half plot, which only 
began to receive 14 tons of manure in 1 885, the nitrogen content reached 
o-ig per cent in 1914, and has now stabilised at this figure. The apparent 
discrepancy between the two half plots is probably due to the fallowing 
that has had to be introduced into this field for weed control since 1925. 
Since 1930 the land is fallowed one year in five, and this fallowing 
appears to have slowed up the rate of accumulation of organic matter 
on plot 2A very appreciably without affecting the level of nitrogen in 
plot 2B. 

These results for the effect of farmyard manure on the nitrogen 
content of the soil enable one to make rough calculations of the propor- 
tion of the carbon and nitrogen in the manure that enters the humus 
supply in the soil. During the first^fifty years of plot 2B the soil gained 
annually about 50 lb. of nitrogen and about 500 lb. of carbon, and 
received annually about 200 lb. of nitrogen and 3,800 lb. of carbon 
in the manure. Thus, over the first fifty years "about one-quarter of 

^ E. M. Crowther, C.R. Conf. Pidol. Alediterr., 1947* 123. W. H. Metzger, Kansas 
Expt. Sta., Tech. Bull. 45, 1939, and J. Elson, Soil ScL^ 1943, $6, 235, have also given illusira- 
tions of the ability of nitrogen fertilisers to maintain a higher nitrogen content in the soi 
due to the larger growth of the crop they produce. 

* Only one sample; the duplicate sample gave a nitrogen content of 0*266, probabb 
through a bit of manure being included. * , 

The 1945 samples w^re taken from a larger number of holes per plot, the samples for tnc 
other years from a very few. 
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fhe added nitrogen and one-eighth of the added carbon remained 
behind in the soil as slowly decomposable humus, and this fraction was 
probably 50 per cent higher in the first twenty years. 

Crowther has further shown that on the light soil at Woburn, which 
rt as cropped to wheat or barley continuously for fifty years, the nitrogen 
:ontent fell from o-iG to o-io per cent during this period if no farmyard 
manure was given, but it was maintained at about this level when 
5 to 7 tons per acre was given. Again, comparing the plots receiving 
farmyard manure with those receiving none, about 30 per cent of the 
nitrogen supplied by the farmyard manure remained in the soil, 
though in the five years immediately after this period when two fallows 
and three corn crops were taken without any manure being added, 
half of the additional nitrogen in the farmyard manure plots was lost. 
Again, in some Danish experiments at Lyngby,^ where land was 
cropped to a six-course rotation and some plots given farmyard manure 
twice in the rotation, the soils retained 32 per cent of the nitrogen 
added in the manure during four courses of the rotation. Thus, under 
normal arable conditions in north-west Europe, soils receiving regular 
additions of farmyard manure retain between one-quarter and one- 
third of the nitrogen in the manure, in the form of soil organic matter 
having a C/N ratio of about 10. 

However, under conditions of intensive manuring for short periods 
of years, a higher proportion of the added nitrogen may be converted 
into soil nitrogen. Thus H. H. Mann and T. W. Barnes,^ using a field at 
Woburn of low humus status, and containing only 0-085 cent 
nitrogen, and treated with 15 or 30 tons per acre of farmyard manure 
annually over a period of nine years, found that the nitrogen content 
increased by 0-035 pcc cent respectively, giving a mean 

conversion of nitrogen from farmyard manure to soil nitrogen of about 
50 per cent, even though the land was used for an intensive market 
garden rotation. 


* Described by K. Dorph-Petersen, Tidskr. PlmiUavl, igjG, 50, 555. 
® J. Agnc. Scu, 1956, 48, 160. ^ 



CHAPTER XVI 


THE NITROGEN CYCLE IN THE SOIL 

The Mineralisation of Soil Nitrogen 

Mineralisation of soil nitrogen is the term used for the process by 
which nitrogen in organic compounds becomes converted into the 
inorganic ammonium and nitrate ions. The transformation can prob- 
ably only take place through the stages 

organic N ammonia nitrite nitrate 

and as far as is known these transformations are predominantly 
brought about in the soil by micro-organisms. 

THE PRODUCTION OF AMMONIA FROM ORGANIC MATTER 

The soil microflora typically produce ammonia from organic com- 
pounds when they set free more nitrogen from the organic matter on 
which they are living than they can assimilate into their own proto- 
plasm. Further, ammonia forms their sole important nitrogen excretion 
product under aerobic conditions, though if the oxygen supply is 
restricted amines may also be produced. Ammonia production from 
nitrogen-rich organic matter is thus not confined to a few groups ol 
soil micro-organisms: it is their typical and characteristic nitrogen 
excretion product. Soil animals, on the other hand, probably excrete 
either uric acid, as do the insects, or urea as do the mammals. 

This concept of ammonia production being the nitrogen waste- 
product in the conversion of organic matter into microbial tissue 
and vital energy — originally put forward by E, MarchaF in 1893-- 
is fundamental for understanding the effect of adding different types 
of organic matter on the mineral nitrogen in the soil. Thus, \\hen 
a protein, such as dried blood, is added to a soil, about 80 per cent 
of the added nitrogen is liberated as ammonia, the remainder of the 
nitrogen being retained in microbial tissue; but as increasing quantities 
of a carbohydrate, such as cellulose, arc mixed in with the protein, so 
the amount of microbial tissue that can be built up is increased, with 
the consequence that the proportion of nitrogen liberated as ammonify 
decreases until the ratio of carbohydrate to protein reaches a ratio of 


' Bull. Acad. Roy, Belg., 1893 (3), 2$, 727 - 
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about 5 : i when all the nitrogen in the dried blood is needed by the 
niicro-organisms. 

There is some evidence that ammonia can be produced in soils 
treated with toluene, and therefore presumably not by the action of 
living micro-organisms. This seems to have been first noted by E, J, 
Russell and H. B. Hutchinson^ in 1909, and has been re-examined in 
more detail by J, P. Conrad,^ who showed that soils so treated still 
possess the power to hydrolyse urea and some other amides to ammonium 
fjibonate, presumably through the action of the urease enzymes present 
in the soil which have been released there during the decomposition of 
added plant and animal tissues. Whether uric acid — the nitrogen 
excretion product of most soil invertebrates — is similarly decomposed 
has not been investigated. 

jMTRlFIGATION IN THE SOIL! THE ORGANISMS INVOLVED 

Til. Schlocsing and A. Miintz^ proved in 1877 that nitrification, 
[used here to mean the production of nitrate from ammonia, was 
)iairily a biological process by showing it could be stopped by anti- 
septics such as chloroform; and this is still the only process that is 
ckliiiitely known to bring about this oxidation in soils. 

Various claims have been put forward that nitrate can be produced 
pliotochemically from organic compounds, but these have not yet been 
substantiated.^ There seems little doubt that ammonia can be oxidised 
pliotochemically to nitrite in solution,^ but it appears that nitrates are 
more liable to photochemical reduction to nitrkes than the other way 
round. The importance of this photo-oxidation to nitrite even in 
tropical soils, where it can only be a surface phenomenon, is still 
unchxidcd. 

d he only agents that have so far been proved to oxidise ammonia to 
niiriu s and nitrites to nitrates in soil are bacteria, but the technique for 
isoladng the organisms responsible for the oxidation of ammonia to 
riiu iic and nitrite to nitrate is troublesome. Long ago R. Warington 
iit Rothamsted® obtained bacterial cultures, which must have been 
mixed, that would convert ammonia and some organic nitrogen 
<^onipounds into nitrites, but not necessarily nitrates, and others that 
vould convert nitrites, but not ammonia, into nitrates; but he could 

J. 7 - Agrk. Sct,y 1909, 3, III. 

Sci.y 1942, 54, 367; J, Amer. Soc, Agron., 1941, 33, 800; 1942, 34, 1102; and Proc. 
Soc. Amer., 1944, 8, 1 71. 

1877, 84, 301; 85, 1018; and 1878, 86, 982. 

1^' a review, sec S. A. Waksman and M. R. Madhok, Soil ScL, 1937, 44, 361. 

G. Rao and N. R. Dhar, Soil Sci., 1931, 31, 379; A. S. Corbet, Biochem. J., 1934^ 218, 
8. ]>J. Singh and K. M, Nair, Soil Sex., 1939, 47. 285. 

' it is instructive to read his papers on this subject {Trans, Chem, Soc., 1878, 33, 44; 1879, 
35- 129; 1884, 45, 637; 1888, 53, 727; and 1891, 59, 484) and to realise that in spite of the 
better techniques available today many of the problems raised are still unsolved. 



peptone, though they were stimulated by others such as acetates and a 
decoction of horse dung. He also found that they were slow-growing 
and only formed very small colonies, about o-i mm. in diameter, and 
hence would be very difficult to isolate by any other technique, and this 
technique has been found to require very considerable skill.* 

These two bacteria have been found by all other workers who have 
looked for nitrifying bacteria in soils which are known to nitrify, and 
except that there may be more than one species of each genus, these 
are usually the only bacteria that arc regularly found. Winogradsky 
described a second ammonium oxidiser, Mtmococcus, in 1904 and 
subsequently he and his daughter H. Winogradsky described several 
others, but doubt has been cast on the ability of these to nitrify.* A 
number of claims have also been made for some methane-oxidisinj; 
bacteria,^ some helerotrophic bacteria* and actinomycetes® to oxidise 
ammonia to nitrite and even for a fungus Asper^llus jlams to oxidise 
organic nitrogen to nitrate,’ but so far no evidence has been brought 
forward to show what importance they have in the production of 
nitrites or nitrates in field soils. There are also present in soils a 
number of bacteria and actinomycetes that can convert pyruvic oxime 
CH3. C(NOH) . COOH into nitrite, though whether this is on oxidation 
to give pyruvic acid* CH . CO3. COOH or a hydrolysis to give propionic 
acid* has not been determined. "Further the nitrite produced may 


Mnn. Inst, Pasteur, 1890, 4, 213, 257, 7G0; and witti W. Omcliansky, Zbl, Bakl. II, 

5, 329, 429; and Arch. Sci. Biol. (St. Petersburg), 1899, 7, No, 3. 

‘For a more recent discussion of the technique with a review of the literature, see} 
Meiklejohn, J, Gen. Mmbiol., 1950, 4, 185. 

* See J. Meiklejohn, J, Soil Scu, 1953, 4, 59 for a discussion of this problem. 

* W. E. Hution and C. E. Zobcil, J. Bact., 1953, 6$, 216. , 

‘ For example D. W. Cutler and B. K. Mukherjee, Ptoc. Bfff, Soc,, B 1931, 108, 384- 

T, Fisher et al, J. Bact., 1952, 64, 596. 

‘ H. D. Iscnbcrg et al, Bact. Proc., 1952, 41. » 

’ E. L. Schmidt, Science, 1954, 119, 187. 

‘J. H. Quastel, P. G. Scholcfield and J, W. Stevenson, Biochm. J,, 1952, $1, 278' 

•H. L. Jensen, J. Gen. Microbiol., 1951, 5, 3G0. 
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^ly be a waste product that is utilised by the micro-organism if the 
medium is enriched in decomposable carbohydrate. If pyruvic oxime 
ccurs as a very fugitive metabolic product in soils, it could be the 
aincdiate precursor of some of the nitrite formed. 

There is also modem direct evidence that nitrate formation goes 
trough the nitrite stage. H. Lees and J. H. QuasteP found that, when 
irculating a solution of ammonium sulphate through a Rothamsted 
)il under aerobic conditions, they could delay the onset of nitrate 
roduction by adding some potassium chlorate to the solution, and this 
elay was solely due to stopping nitrite oxidation and not nitrite 
)rmation. They showed that this inhibiting effect of the chlorate was 
ue to its power of reducing the rate at which the nitrite-oxidising 
rganisms could proliferate, as the chlorate had no effect on the velocity 
1 oxidation of nitrite to nitrate in the presence of an adequate number 
f nitrite-oxidising organisms. This inhibiting effect was itself inhibited 
[1 the presence of an adequate supply of nitrate. Free ammonia, but 
lOt ammonium ions, has a much greater inhibitory effect on nitrate 
hail on nitrite formation, so adding large amounts of ammonia to a 
oil, as a fertiliser, or of ammonium sulphate to an alkaline soil, causes 
in accumulation of nitrite to occur, 

rHE BIOCHEMISTRY OF NITRIFICATION 

llie biochemistry of the nitrifying organisms is now being worked 
luE- They get their energy from the oxidation of ammonia or nitrite 
according to the equations 

2NH3 T“ 3^2”^ 2HNO2 ’ 4 ” 2H2O 4 “ 79 Llal, 

2HNO2 + Og-^ 2HNO3 + 43 Cal. 

The only proven source of carbon is carbon dioxide, or the bicarbonate 
ion, and the Nitrosomonas group need to oxidise 35-70 moles of 
amiYionia and the Mtrohacter group 70-100 moles of nitrite per mole 
of carbon assimilated. This explains why they appear to be such 
slow -growing organisms. 

1 he enzymes responsible for these oxidations are now being worked 
out. The oxidation goes through hyAroxylamine, NHgOH; and a cell- 
free extract of Nitrosomonas in the presence of cytochrome C, which 
occurs in the cell, will oxidise hydroxylamine to nitrite possibly through 
hyponitrite.® The oxidation of ammonia to hydroxylamine can be 
^selectively suppressed by inhibitors such as allyl thiourea, and of 
hydroxylamine to nitrite by hydrazine.* Thus in the early stages of 

\ H'u,(hm. J., 1946, 40, 824. 

t or 1 extent reviews, see J. H. Quastel and P. G. Scholefield, Bact. Rev,, 1951, 15, i, and 

• J, Soil Sci,^ J953) 4« 59* 

‘ /X J. D. Nicholas and O. T. G. Jones, Nature, i960, 185, 512. 

I - Hoffman and H. Lees, Biochem, J., 1953, 54» 579 * 
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the oxidation the ammonium ion concentration begins to drop several 
days before nitrite can be detected.^ 

Nitrification can be suppressed by a number of poisons at low con- 
centrations, such as sodium thiocynate, methionine and guanidine, and 
at very low concentrations by thiourea and many other compounds 
containing an active — SH groups such as the dithiocarbamates and 
dimethyl dithiocarbamates, which can be used for weed control; 
though the concentration needed in the soil for a pronounced effect on 
nitrification is considerably higher than could arise through their use 
as a herbicide. It is probable that gelatin, peptone and glucose sola- 
tions sterilised by heat are toxic to these bacteria because they contain 
substances of this type, for in the case of glucose solutions these are not 
toxic if sterilised by ultra-filtration.® A number of insecticides and 
herbicides also inhibit nitrification, but all appear to be needed at tnuch 
higher concentrations than would occur in the field if their effect is to 
be noticeable.^ 

Since the conversion of ammonia to nitrate through nitrite is an 
oxidation, its rate^of conversion must depend on the oxygen supply. 
Poorly aerated soils cannot nitrify ammonia, but very little work has 
been done on how low the oxygen tension must fall before nitrification 
ceases. The problem is difficult to work on experimentally in the field, 
because it is likely that even if ammonia nitrified in a poorly aerated 
soil, the nitrate would be rapidly denitrified to a gas, and so would not 
be easily detected. F. M. Amer and W. V. Bartholomew^ measured 
the amount of nitrate produced in a soil to which ammonium sulphate 
had been added after inoculation for 14 or 21 days when air containing 
varying amounts of nitrogen was drawn through the moist soil, I'liey 
added 20 mgm, N per 100 gm. soil, as ammonium sulphate, and found 
the following amounts of nitrate nitrogen present after 21 days, ex- 
pressed as a percentage of the added ammonium nitrogen: 

O 2 content of air 20 It 4*5 2*1 10 0*4 

% of added N present as NO 3 46 43 38 28 21 2 

These results show that nitrification should be able to take place in ven 
poorly aerated soil, though the interpretation of these figures may neec 
care, as very little is yet known about the effective oxygen supply ven 
close to centres of microbial activity, 

^ See, for example, R. M. Beesley, Trans, Chem. Soc,, 1914, 105, 1014, and W. P. 
et al., Proc. Soil Sci. Soc. Arner., 1942, 7, 223. 

* J. H. Quastel and P. G. Scholefield, Nature, 1949, *068, and BacL Rev., iQjij ^ 

H. L. Jensen and H. Sorensen, Acta Agric, Scand., 1952, 2, 295. 

® H. L. Jensen, Nature, 1950, 165, 974, and J. Meiklejohn, Plant and Soil, 1951, 3» • 

A. Wilson, W, Pa. Agric. Exp. Sta., Bull. 366 T, 1954, and A. L. Brown", 

Sci, Soc, Amer,, 1954, 18, 417. 
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js’ITRIFICATION of AMMONIUM SALTS IN FIELD SOILS 

In general the rate of nitrite oxidation goes faster than that of 
ammonium oxidation, so in normal soils the level of nitrite nitrogen is 
very low compared with ammonium and nitrate nitrogen. But nitrites 
can accumulate in soils whenever the concentration of free ammonia 
becomes appreciable, as, for example, if heavy dressings of ammonium 
fertilisers are given on calcareous soils,^ because of its differential toxicity 
to the nitrite-oxidising bacteria, and this nitrite may decompose very 
slowly if the soil temperature is rather low. Thus H. D. Chapman and 
G. F. Liebig^ found that with soils of pR 8, concentrations of 90 p.p.m. 
nitrile-nitrogen could persist for several months at a temperature 
between 50 and 60° F. 

These high concentrations of ammonia in the soil can arise through 
the use of anhydrous ammonia as a fertiliser, or of heavy dressings of 
urea, for this ammonifies quickly in many soils. But they can also arise 
in the urine patches made by grazing sheep and cattle. Thus B. W. 
Doak® found that a sheep excreted about 150 ml. urine per urination, 
which wetted about 45 sq. in. of pasture, so was equivalent to 430 lb./ 
acre of nitrogen. The composition of the urine was 


Total nitrogen 


Per cent of total nitrogen as 


iverage 

Range 


gm. per 
litre 

Urea 

Allantoin 

Hippuric 

acid 

Creatinine 

Amino-N 

Ammonia 

8-68 

76-4 

4-1 

2-6 

1-5 

12-4 

0-7 

57-12-6 

68-85 

2-9-5-2 

21-31 

10-1-8 

10-5-15-9 

0-5-0-9 


Hence urea was being added at the rate of 700 lb. per acre in the urine 
patch. In the laboratory he found that urea hydrolysed quicker in 
urine than if pure, which he could show was due to the presence of the 
glycine, allantoin and hippuric acid. This rapid hydrolysis could raise 
the /'H of the soil from 5*5 to 9*5 in a few hours, causing both a loss of 
ammonia as gas, which could amount to about 12 per cent of the 
nitrogen in the urine, due to the high soil j&H (see p, 31 1) and also an 
accumulation of nitrite consequent upon this high ammonia concen- 
tration. 

Nitrification does not take place in strongly acid soils, although they 
sometimes contain nitrifying bacteria; but if the pYi is above 5 the 
nitrification rate may be, but need not be, increased by liming. In fact, 

^ P- S. Fraps and A. J. Sterges, Soil Scl, 1939, 47, 115. A. B. Craster, W. P. Martin and 
^ ' t - Hv!t 4 irer, Ark- Agric. Expt. Sta.^ Tech. Bull. 96, 1942, and G. Drouincau, P. Gouny and 

■ LHnre, C.H.. 1948, 226, 957. 
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for most soUs, there is a considerable />H range in which nitrification 
rates are almost independent of the pH. However, if a soil is poorly 
buffered and is given a fairly heavy surface dressing of ammonium 
sulphate, the pH of the surface soil may easily fall sufficiently to reduce 
the rate of nitrification of this added ammonia very appreciably. 
Table 64 gives an example of the way temperature and pH can affect 
nitrification rates in the laboratory.^ It shows that ammonium 

TABLE 64 

Effect of Soil pH and Soil Temperature on the Rate of Nitrification of 

added Ammonium 

100 p.p.m. N added 42 days incubation 





p.p.m. N as NO3 

Soil 

pH 

Ammonium added 
as 

Soil Temperature in ' 

F 


t 


37 

42 

47 

52 

Nixon 

49 

NH4OH 

4-8 

17*6 

360 

48-0 




2-4 

6-4 

12*8 

21-6 

Nixon 

6-8 

NH4OH 

4-0 

240 

54-4 

58-4 



(NH,) 2 S 04 

1-6 

29-6 

54-4 

600 

Washington 

5-9 

NH4OH 

2 

8 

29 

42 

Annandale 

61 

NH4OH 

21 

45 

55 

51 


hydroxide nitrifies more rapidly than ammonium sulphate in the acid 
Nixon soil but at the same rate in the neutral; and that there is no very 
close dependence of the rate of nitrification on temperature in the 
47-52° F. range, for with two soils the rates arc about the same at both 
temperatures (neutral Nixon and Annandale) whilst for the other two 
appreciably more nitrate is formed at the higher temperature. An 
extreme case, in the field, of the effect of low temperatures depressing 
the rate of nitrification can be seen in an experiment made by R. I- 
Fox, R. A. Olson and A. P. Mazurak^ in Nebraska. They broadcast 
80 lb. per acre of ammonium Ritrogen, as ammonium nitrate, on 
15 November and on 15 April following there was still 60 lb. per acre 
of ammonium nitrogen left, though by i May it had dropped to 25 Ib< 
and had all gone by 15 June. 

The effect of the moisture content of a soil on the rate of nitrification 
now seems to be worked out. J. B. D. Robinson'"^ has shown for two 
Kenya soils that the initial rate of nitrification of an added ammonium 
salt is similar if the soil is at field capacity or at permanent wilting point 

^ O. E. Anderson and E. R. Purvis, Soil Sci,, 1955, 80, 313. 

2 Agwn. J., 1952, 44, 509* 

2 J. Agric, ScL, 1957, 49, too. 
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although it falls off in the drier soil after about a week to a rate about 
half that in the wetter. But once the soil becomes drier than this, the 
rate drops off very rapidly, and he could detect no nitrification if the 
moisture content was about five-sixths of the wilting-point moisture, 
although some of the organic nitrogen compounds can be ammonified 
at moisture contents below wilting point, and this ammonium accumu- 
lates in the soil. 

the level of MINERAL NITROGEN IN FIELD SOILS 

The mineral nitrogen in the soil is present either as ammonium or 
nitrate ions. The nitrates are all dissolved in the soil solution, unless the 
soil dries out, but much of the ammonium is held on the exchange 



I April I May | June | July | Aug. f Sep. | Oct. | Nov. ( Dec. | 

I'lG, 22, Amount of nitrate nitrogen in cropped and fallow soils at diflerent seasons oi 
the year and the amount of percolation through the 20-in. bare soil gauge (Broadbalk 

Field, Rothamsted, 1915). 


complex. The total quantity of mineral nitrogen in the soil is the 
difference between the rate it is being produced from the soil’s store of 
organic matter by the soil populatit5n and the rate it is being removed 
by leaching; by growing crops and by other members of the soil popula- 
tion; and the proportion of nitrate to ammonium depends also on the 
rate of oxidation of ammonium to nitrates, the uptake of nitrates by the 
plant and the loss of nitrates by leaching. 

Arable soils in the temperate regions, particularly if they are not too 
^cicl, have a fairly constant but low content of ammonium nitrogen, but 
a very yariable and higher nitrate content, ranging from 2 to 20 mgm. 
^1 nitrogen as nitrate per kg. of soil (i.e. 2 to 20 parts per million of 
filiate nitrogen) for normal soils, but rising up to 60 mgm. for rich 
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garden soils. This nitrate content varies throughout the season and 
under some conditions which cannot yet be specified, from hour to 
hour.^ Fig. 22 shows the nitrate nitrogen content, throughout the 
growing season of 1915, of two parts of the Broadbalk plot at Rotham- 
sted which receives farmyard manure annually, one part being cropped 
to wheat and one part fallowed.® Not all the details of these curves 
can be explained, but the figure shows clearly that the fallow soil 
accumulates nitrate during the spring and summer, whereas the 
cropped soil does not, and that the fallow appears to have lost all its 
accumulated nitrate by early winter, presumably due to it being leached 
down into the deep subsoil. 

NITRIFICATION IN FALLOW SOILS 

Fallows can only accumulate nitrates under four conditions: there 
must be decomposable organic matter in the soil to provide a supply of 
ammonium ions, the fallow must be kept free from weeds, there must 
not be too much rain otherwise the nitrates are leached out of the soil, 
and the soil must be moist or be subjected to alternate wetting and 
drying. F. Crowther,® working in the Sudan Gezirah, has given a good 
example of weeds reducing the accumulation of nitrates in a fallow soil. 
This heavy clay land is commonly fallowed for several years in pre- 
paration for cotton, and Crowther showed that cutting down the weeds 
that grew during the short rainy season, instead of letting them die as 
soon as the dry season began, increased the nitrate nitrogen in the top 
foot of soil from 2-4 p.p.m. to 5-10 p.p.m., and also increased that in 
the second foot. This led to a 66 per cent increase in the uptake of 
nitrogen by the cotton and a corresponding increase in the yield ol 
seed-cotton. 

Nitrification proceeds more rapidly in soils subjected to alternate 
wetting and drying than in soils kept permanently moist, because the 
alternate wetting and drying causes a more rapid oxidation of soil 
humus (see p. 222). There are many examples of this effect in the 
literature, and H. F. Birch* has recently examined it in considerable 
detail. He finds that the drier the^oil before wetting, tlie longer it has 
been kept dry, and the higher the temperature it has been dried, the 
greater is the amount of nitrogen mineralised; and if the soil is subjected 
to a standard drying and wetting cycle, very much the same amount of 
nitrogen is mineralised each cycle, although in the first cycle more may 
be mineralised if the soil contains some fresh decomposable non-humic 

^ H. G, Thornton and P. H. H. Gray, Pm. Roy. Soc., 1930, 166 B, 399. 

* K. J. Russell and A. AppJeyard, J. Agric, Sci., 1917, 8, 385, For a further ex^pl^*^ 

W. A. Albiecht, Musouri Agric. E>.pt, Sta,, Res. Bull. 250, 1937. 

^ Emp. J. Expt. Agric., 1943, ii, i. 

^ Plant and Soil, 1958, 16, 9; 1959, ii, 262; 1960, 12, 81. 
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organic matter. Nor is it necessary for the soil to be dried: some methods 
of partial sterilisation have the same effect. His figures show that in the 
l^ast African soils he studied about i *5 per cent of the organic nitrogen 
can be mineralised during each cycle, a figure which is of the same 
order of magnitude as the estimate of the proportion of the organic 
matter present as microbial tissue in an English soil (see p. 200). 

The benefit to the subsequent crop of drying or heating a soil, parti- 
cularly under tropical or sub-tropical sunshine, has already been noted 
on p. 222. In practice, the consequence of this effect in hot regions 
having a pronounced dry and wet season is that the nitrates are pro- 
duc cd most rapidly at the commencement of the rains, and slowly 
during the rainy season itself. Hence if crops are to benefit from this 
early flush, they must be planted as early as possible, taking advantage 
of any showers that fall before the beginning of the main rains, so that 
they can start growing quickly when the rains break and use this 
nitiale before it is leached out of the soil. This may be one of the 
reasons for the failure of most of the ambitious mechanised crop pro- 
duction schemes which have been tried in equatorial Africa, for it has 
bed'll found that the planting season for profitable crop yields lasts only 
for two to three weeks; and later plantings give poor to very poor 
yitrlds, even when neither lack of moisture nor insects appeared to be 
the cause. 

This effect of nitrates being produced more rapidly during the onset 
ol the rains, and more slowly at their end has been observed in fallow 
soils in the tropics.^ But since the dry season may last a long time, the 
total nitrates in the surface of tropical soils at the end of the dry season 
may be very high. Thus G. ap Griffith^ found up to no p.p.m. of 
nitrate-nitrogen in the top 6 inches of a fallow soil at Kawanda, 
U, Luanda, though levels of 25 p.p.m. were more common; and W. R. 
Mills'^ showed that it could be over 200 p.p.m. in the top 2 inches there. 
This compares with 30-40 p.p.m. in the surface soil of the Broadbalk 
(Rothamsted) plot receiving 14 tons of farmyard manure annually 
during a summer fallow. 

d he fact of this accumulation of nitrate in the surface of tropical and 
subtropical soils during the dry season is accepted by most research 
workers, but there is still doubt about the causes of this accumulation, 
‘ind in detail what proportion is produced in the surface soil, what 
moves up with the subsurface water which is evaporated from the 
surface soil, and whether any is produced photochemically in the soil 

^ 1 (>r an example, see D. J. Greenland, J. Agric. Set,, 1958, 50, 82, who gives an extensive 
uiblir.trraphy to earlier work. 

‘ hui>. J, Exp. Agrk.y 1951, 19, 1, and with H. L. Manning, Trap, Agrie. {Trinidad), 1949, 

iOs loB. 

' >‘MI Afr. Agrie. J., 1953. 19, 53. 
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surface. Unfortunately, although many experiments have been made 
to investigate this phenomenon, mainly by microbiologists or chemists, 
not enough observations have been taken either of the p¥ or suction of 
the water in the ‘"dry” surface soil, or of the water and nitrate move- 
ments in the soil profile, for any critical discussion to be undertaken on 
the importance of the various processes known to be operative. But it 
is probable that all the known results can be explained as a consequence 
of the two processes already mentioned: nitrification in the drying soil 
which continues till the permanent wilting point is reached, and this 
takes a long time for the top 9 inches of soil if it is free from vegetation 
and undisturbed; and some movement of nitrates upwards from below 
6 inches with the water that is moving upwards to be evaporated, and 
although this may only amount to |-i inch, yet it can bring appfcci- 
able amounts of nitrate into the surface soil. 

A further process which may be of importance is the effect of scattered 
light showers of rain during the dry period, for each will set off a 
flush of decomposition apparently disproportionate to the amount of 
water that has falleq. And it is possible, though unproven, that enough 
moisture may enter the soil surface in regions receiving heavy dew, for 
nitrification to take place in the surface soil every night. ^ 

The direct effect of rainfall on the nitrate content of‘ the soil is to 
leach it down the profile. If the profile is dry to depth, and the rainfall 
limited in amount, the nitrates will accumulate lower down in the soil 
profile, and this accumulation can be very considerable. Thus W. R. 
Mills^ found over 400 p.p.m. nitrate nitrogen had accumulated at 
3 feet depth in a Kawanda (Uganda) soil under suitable climatic 
conditions. If the profile is fairly shallow and well drained, and the 
rainfall adequate, nitrates will be washed into the groundwater or the 
rivers. 

Well-structured loams and clays can, however, hold appreciable 
quantities of nitrates against leaching. This is because the percolating 
water moves down principally through the cracks and coarse pores 
between the crumbs, and most of the nitrates are formed in the crumbs, 
so the nitrates can only get into this water by diffusion, which is a slow 
process. This holding of nitrates against leaching is of considerable agri- 
cultural importance in British soils, as for example the Rothamsted 
clay loam,® for it means that a part of the nitrates produced in a previous 
summer fallow is available for the succeeding crop, even if the autumn 
and winter are wet, although as E. M. Crowther^ showed, using indirect 

^This has been suggested by G. Drouineau et aL {Arm. Agron.^ 1951^ 

245) as occurring in the south of France. , 

* Afr. Agric. J., 1953, 19, 53. 

“ See, for example, R. K. Cunningham and G. W. Cooke, J. Sci. bood Agric., i ' 

* Trans, Int, Congr, Soil Sci. (Oxford), 1935, 3, ia6. 
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evidence, most of this nitrate must be held in the subsoil rather than in 
the surface crumbs, possibly because the surface nitrates are lost by 
denitrification, the surface crumbs being well supplied with decompos- 
able organic matter. 

The effect of surface mulches and of shade on the nitrate content of 
fallow soil in the tropics and subtropics is not fully understood. In 
general a surface mulch or shading the soil surface reduces the nitrates 
in the surface soil, though D. J. Greenland gave an example from 
Ghana when the shading had little effect. No sufficient analysis of the 
soil conditions prevailing in the covered and bare soil appear to have 
been made for one to say if factors already discussed are sufficient to 
explain the facts, namely: 

(1) under shade the soil is cooler, so the nitrification should go on at 
a slower rate than in bare soil; 

(2) under bare soil evaporation is initially at least more rapid than 

under covered, so the soil should dry out sooner and hence 
nitrification cease sooner; ^ 

(3) under bare soil, the surface soil will be dried out more intensively, 
so if any rain showers occur, or if very heavy dew wets the soil 
surface, there should be a much greater flush of nitrate pro- 
duction than in the covered soil. Further, if the rain shower is 
heavy it is possible there will be run off from the surface of the 
bare soil but deeper percolation of water down the profile in 
the covered; 

(4) denitrification may go on at a faster rate in the moist to wet soil 
surface under a mulch than in the bare soil. 

NriRlFICATION IN ARABLE SOILS 

Nitrates are always lower in cropped land than under fallow, as one 
would expect, because the crop will be taking up nitrates from the soil 
whilst it is growing. But in addition there is considerable evidence that 
the crop appears to depress the rate of nitrification in a soil, for the 
nitrogen present in the cropped soil as nitrate and in the crop is less 
than the nitrates in adjacent soil kept fallow. Table 65 illustrates the 
type of data from which this conclusion is drawn, but the correct inter- 
pretation of this result is not fully established. Thus in the table only the 
niti ogen in the above-ground portion of the crop has been determined, 
that in the roots being ignored, but it is extremely unlikely that there 
could be enough in the roots to account for the difference. This differ- 
ence occurs in the earlier part of the crop's growth, for as Table 65 
^hows, in 1915 the amount of nitrates produced in the fallow and in the 
^^^’Pped land was the same for the period between 26 July and 
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TABLE 65 

Nitrogen as Nitrate in Cropped and Fallow Soil at Rothamsted 

Crop — Wheat 


As pounds of nitrogen per acre 



! 

Hoosfield 

1 

Broadbalk 

June I9it 

July 1912 

Un- 

manured 

Dunged 

July 1915 


17th Aug. 
1915 

In top 18 in. of fallow soil . 

54 

46 

70 

Bs 

150 

In top 18 in. of cropped soil 

15 

13 

44 

■1 

69 

In crop .... 

23 

6 

21 

70 

70 

Total .... 

38 

19 

65 

107 

139 

Deficit in cropped land 

16 

27 

5 

17 

II 


Expressed as mgm. N per kg. soil 


Fallow, 0-9 in. depth . 

12 

8 


9-18 in. depth 

9 

10 


Cropped, 0-9 in. depth 

4 

2 


9-18 in. depth 

2 

3 



Cropping. Hoosfield: Alternate wheat and fallow, unmanured since 1851. 

Broadbalk: Continuous wheat, but fallow taken over part of this field for the 
third time since 1843. 


17 August, the day on which the wheat was harvested. On the other 
hand, the deficit only starts to build up when the crop is well established.^ 
This apparent deficit could be due to four causes: the crop could 
excrete substances into the soil which inhibit or slow down the rate ot 
nitrification, and although this has been postulated for grass roots, there 
is no evidence that annual arable crops excrete such substances. Then 
the crop may reduce the rate of nifrification in the soil by its effect on 
shading the soil, but if so one would expect the effect to be as large at 
the end of the growing season as earlier on. Then the crop might 
encourage denitrification or nitrogen losses from its leaves, but this is 
unlikely because, as is shown in Table 69, one can get a good nitrogen 
balance sheet for cropped unmanured land at Rothamsted. Finally 
the rhizosphere organisms on the crop roots, or other micro-organisms 
close to the root, may extract soluble carbohydrates or other low- 
nitrogen compounds from the roots, and use the soil nitrates as their 

* C. A. 1 . Goring and F. E, Clark, Pfoc, Soil Sci. Soc. Amcr,, 1949, 13, 261. 
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source of nitrogen, or even use soluble nitrogen compounds from the 
roots, and converting these soluble compounds to insoluble organic 
soil nitrogen compounds; and there is direct evidence, using N^®, for 
this last process. 1 

NITRIFICATION IN GRASSLAND SOILS 

Grassland appears to have a different mineral nitrogen economy 
from arable, for as Table 66 shows for grass leys and pastures at 
Rothamsted, a greater proportion of their mineral nitrogen is ammon- 
i\im than nitrate. This ammonium content, as H. L. Richardson® 

TABLE 66 


^verage Ammonium and Nitrate Contents of Rothamsted Grassland 

Soils 


Years under grass 

Depth of 
sampling 
in cm. 

Nitrogen in parts per 
million of dry soil 

• 

Present as 
ammonium 

Present as 
nitrate 

Ley, under 1 . . . 



20 

11 

0-5 

Ley, under 2 



20 

2-2 

11 

Pasture, 59 . • . 



10 

47 

1-3 

Pasture, over 200 


• 

20 

5-4 

11 


showed, remains fairly constant between 3 and 9 p.p.m. ammonium- 
nitrogen throughout the year, yet if an ammonium or nitrate fertiliser is 
added, this mineral nitrogen very soon disappears from the soil and has 
presumably been taken up by the grass. No satisfactory explanation has 
yet been put forward to explain why the grass cannot reduce the 
ammonium level below this fairly high level, nor why this ammonium 
is not nitrified. Richardson showed that there was nothing in the soil 
of tlie old Rothamsted pastures tjiat inhibited nitrification, for on 
incubating these soils all the ammonium produced was readily nitrified, 
unless the soil was too acid or too low in phosphate — a result which has 
been confirmed by other workers. Further, if an old pasture is ploughed 
out, the usual British experience is that the following crop is over-well 
supplied with soil nitrates. 

Pastures in the tropics behave similarly. The nitrate and ammonium 

’ W. V. Barthoknnew and F. E. Clark, Trans. 4th Int. Congr. Soil Set. (Amsterdam), 1950, 
*>'13 aild A. E. Hiltbold, W. V. Bartholomew and C. H. Werkman, Proc. Soil Sci. Soc. Amer., 

‘'151, IS, i 66 . 
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levels are very low,^ though not enough data has been published to 
establish if the ammonium is usually higher or equal to the nitrate 
concentration; and the soils will nitrify added ammonium if put in a 
soil perfuser in the laboratory, provided the soil conditions are other- 
wise suitable. They may differ from temperate soils in that the rate of 
nitrification when a ley or natural pasture is ploughed in is more de- 
pendent on the type of grass in the tropics than in temperate regions. 
Ploughing out native grass or savannah may lead to very low levels of 
available nitrogen for the next year or so,^ and ploughing out planted 
leys will only give good levels of available nitrogen after some grasses, 
such as elephant grass [Pemisetum purpureum) and much poorer afler 
others, such as some of the paspalum grasses,^ although under some 
conditions, it may take two years for the nitrate level in the soil to rc^ich 
normal levels after an elephant grass ley.^ 

The cause of the very low nitrate levels in old pastures compared 
with the low levels of ammonium nitrogen is not fully known, because, 
as shown above, there does not seem to be anything inherent in the soil 
preventing nitrification. J, J. Theron® tried to explain the low nitrate 
level by assuming the roots of the grasses excreted some soluble com- 
pound which inhibited nitrification, but this hypothesis runs into 
difficulties because one would expect a microbial population to be 
built up, perhaps slowly, around the grass roots which would de- 
compose this product, so allowing nitrification to proceed normally. 

NITRIFICATION IN FOREST SOILS 

The level of mineral nitrogen in forest soils, and the forms in which 
it is present, depends on the pYi of the soil and on the type of humus in 
the forest floor. C. H. Bornebusch® found in Danish forest soils with 
/?Hs in the range 4 to 5*5 that the rate of nitrification exceeded that 
of ammonification under mull though it did not under mor, as is shown 
in Table 67. The reason for this is possibly that the mull is better 
supplied with bases and phosphates than the mor, but this may not be 
the whole reason, for the mull is a form of humus produced by earth- 
worms, and N. V. Joshi^ noted that the introduction of earthworms 
into some India black cotton soils well supplied with bases and phos- 
phate increased the rate of nitrification thou^ this could also be 
because they increase the rate of decomposition of the organic matter. 

Very few observations have been made on the level of ammonium 

^ For an example from the savannah region of Ghana, see D. J. Greenland. J, Agric. Sc'h, 
50, 82. 

‘‘‘See, for example, W^ G. Wells, Queensland Agric, J., I95C 73) I09) and Einp. 
Growing Carp. Rev,^ 1952, 29, 94, and P. H. Nye, Ernp, J, Exp, Agric., 1951, 19, 275.^ 

® See W. R. Mills, P'ast Afr. Agric. J., 1953, 19, 53. 

* G. ap Griffith, Emp. J. Exp. Agric., 1951, 19, i. ^ J. Agric. Sci., 1951, 

^Eorstl. Forsoegv. Danmark, 1930, ii, i. ’ Bull, Nat, Inst. Sci. India, 1954, 3 ? 
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and nitrate ions in tropical forest soils, but the evidence such as it is 
points to the similarity between tropical and temperate conditions. 
Thus D. J. Greenland,^ in Ghana, found fairly high and fluctuating 
niirate levels but low and fairly constant ammonium levels in the floor 
of a natural forest. He also found relatively high levels of readily 
nitrifiable nitrogen in these soils, as did H. Jenny® in Columbian forest 
soils and Y. Dommergues® in West African forest soils. 

TABLE 67 

The Effect of Type of Humus on Nitrification 

Parts per million of ammonium and nitrate nitrogen in the soil 


Mull Soils Raw Humus Soils 

Under Beech 


layer: 

Old leaf litter 
Wormcasts . 
Upper mull . 
Lower mull . 

pH 
. 6 1 
. 5-8 
. 5-4 
. 5-2 

NH 4 

84 

8 

4 

2 

NO3 

1200 

264 

48 

7-5 

Layer: pH 

Old leaf layer . 5*6 

Upper raw humujt. 4*3 
Middle raw humus. 3*7 

NH 4 

252 

388 

95 

NO, 

20 

trace 

trace 




Under Spruce 



Mull layer 

4-3 

80 

26 

Upper raw humus . 3*6 

115 

0*8 

Upper top soil . 

41 

2 

5 

Middle raw humus . 3*5 

32 

trace 


Losses of Inorganic Nitrogen from the Soil 

The inorganic nitrogen compounds — ammonia and nitrates — suffer 
several types of loss from the soil. They may be taken up by growing 
plants, they may be assimilated into the bodies of micro-organisms and 
so brought back into the organic nitrogen reservoir, they may be con- 
verted into volatile compounds and lost into the air, or they may be 
leaclied out of the soil. It is only the last two losses that will be considered 
here. , 

Ammonium can be lost to the atmosphere, in the form of ammonia, 
hut probably only when an ammonium fertiliser is added to the surface 
of a calcareous soih^ Hence on such soils, particularly when the 
fertiliser is applied in hot dry weather, a nitrate fertiliser is more 
efficient than an ammonium, and if an ammonium fertiliser is used it 

b/. A ^ ric , Set ,, 1958, 50, 82. * Set ,, 1949, 68, 419. 

" 6th Int, Congr. Soil Sci. (Paris), 1956, E, 605. 

. J or •xamplcs, see F. Crowlher, Emp. J. Expt, Agm,, 1941, 9, 125, and T. N. Jewitt, Soil 
1942, 54^ 401 (Sudan), D. A. van Schreven, Trans, 4th Int, Congr, Soil Scu (Amsterdam), 
259 (Holland), S. Tovborg Jensen and B. Kjacr, PfiErnahr., 1950, 50, 25, 

5111(1 W. rj, Willis and M. B. Sturgis, Proc. Soil Sci, Soc, Amer,, 1945, 9, 106. 
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should be incorporated as deep as practicable in the soil. It is possible 
also that such losses can occur if readily decomposable organic matter 
high in nitrogen is added to alkaline soils in hot wet conditions, such as 
occur in some paddy fields; but there appears to be no experimental 
evidence to show if this is of any importance. The general practice in 
paddy cultivation is to use such organic fertilisers rather than ammonium 
sulphate as the nitrogen fertiliser when possible in such conditions, 
though if the ammonium sulphate is incorporated with a reasonable 
depth of soil, there is no reason to suppose it is any less efficient (see 
p. 263). 

There must be processes for returning nitrogen from soil organic 
matter back to the air as nitrogen gas, and the only processes which 
have been proved to be of significance are the biological, and probably 
only the bacteriological reduction of nitrates or nitrite to nitrogen gas 
or to nitrous oxide, which breaks down in the atmosphere to nitrogen. 
Nitrogen can be liberated in the laboratory by the reaction between 
amines and nitrites in acid conditions: 

R.NH2+ NO;-> R.OH + N2+ OH“ 

but work with ammonium and nitrites enriched with have shown 
that this reaction is of no significance in field soils. ^ Nitrous oxide can 
be produced by the reaction between hydroxylamine and nitrites in 
conditions such as could occur in the soil 

NH2 OH + NO;~> N2O + HgO + OH“ 

and this reaction was examined in the laboratory by P. W. Arnold- 
who put it forward to explain the production of nitrous oxide fiom 
ammonium ions in conditions when nitrates appeared not to be 
denitrified. 

The biochemistry of denitrification in the soil is not yet fully under- 
stood, and it is best to describe the probable processes for nitrates and; 
for ammonia separately. The denitrification of nitrates is a bactcrio-; 
logical reduction: the bacteria responsible obtaining from the nitrates 
part of the oxygen they need for the oxidations of the organic matter 
which they carry out; and the products of denitrification are primarily 
nitrogen gas and nitrous oxide, although it is possible that under some 
conditions ammonium ions may be produced as well. The poorer the 
aeration, the lower the level of microbiological activity needed for the 
reduction, and the better the aeration, the higher. Thus soils very well 
supplied with decomposable organic matter, as for example soilS; 

^ F. E. Allison and J. H. Doctsch, Proc. Soil ScL Soc. Amer,, 1951, 15, 163, and Soil ScU) ^ 93 *' 
74, 311, E. J. Jones, Soil Sci,y 1951, 71, 193, and A. Wahliab and F. Uddin, Soil Sci., 

78, 1 19. 

* J. Soil Sci,, 1954, 5, 1 16. 
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receiving large dressings of farmyard manure, will denitrify nitrates 
readily even if they are well aerated, probably because there are many 
pockets of soil in which the micro-organisms are using up the soil 
oxygen at a greater rate than it can be replenished by diffusion from 
the atmosphere. The bacteria responsible for this include species of 
Pniidomonas and Micrococcus and a number of aerobic spore formers.^ 
The proportion of nitrous oxide to nitrogen gas produced increases as 
the y;H of the soil drops and as it becomes drier. ^ 

Ammonium ions can be converted into nitrous oxide and nitrogen 
gas in moderately well aerated soils by being converted to nitrates, 
which arc denitrified, and both processes can go on simultaneously in 
the same soil.^ It is likely that the ammonium ions do not need to be 
oxidised as far as the nitrate stage, and in some acid soils it is possible 
that only a fraction need be oxidised to the nitrite, which then reacts 
with some fugitive product, possibly hydroxylamine, to give nitrous 
oxide, or with some amine to give nitrogen gas,^ Further, as the soil 
becomes drier, the production of nitrous oxide from nitrates drops more 
rapidly than from ammonium salts, again indicatipg that the ammon- 
ium ions do not need to be oxidised to nitrates to be converted to 
nitrous oxide.® What has not been established is the lower limit of 
aeration at which this conversion of ammonium ions to nitrous oxide 
ceases, for it does not take place under anaerobic conditions; nor has 
it definitely been established if ammonium ions can be converted to 
nitrogen gas without first being oxidised to nitrite. 

Various estimates can be made of the magnitude of denitrification 
in soils as a whole. Nitrous oxide occurs in the atmosphere, and it is 
being destroyed there at a rate corresponding to about lo lb. per acre 
per year of nitrous oxide nitrogen.® If the most important source of 
nitrous oxide is denitrification of mineral nitrogen on land and sea, 
this must be the average production over the earth’s surface, and since 
about equal amounts of nitrogen gas and nitrous oxide are produced 
daring the denitrification of nitrates, this implies that the average rate 
of conversion of organic nitrogen compounds to gaseous nitrogen 
products is about 20 lb. per acre per year of nitrogen. 

P. W. Arnold’ has examined the rate of production of nitrous oxide 

\]. Meiklejohn, Ann. Appl Biol, 1940, 27, 558, W. Verhoevcii, ‘Aerobic spore forming 
titrate reducing bacteria’ (thesis), Delft, 1952, R. O. Marshall et ai, J. Bact^ 1953, 66, 254. 

HV. Verhoeven, thesis, 1952, F. E. Broadbent and B. F. Stojanovic, Pm, Soil Sci, Soc, 
Anir, , 1952, 16, 359, J. Wijlc'r and G. C. Dclwiche, Plant and Soil^ 1954, 5, 155. 

^ i or an example, see H. Locwenstcin, L. E. Engelbert et a/., Pm, Soil Sci. Soc, Amr,, 

397 * 

* 1 '. C. Gerretsen, Tram. 4th Ini. Congr. Soil Sci. (Amsterdam), 1950, 2, 114 and with H. 
Hooj^ Canad, J. Microbiol., 1957, 3, 359. N. R. Dhar {J, Ind, Chm, Soc., 1949, 26, 227) 
5 lso observed this. * W. Arnold, J, Soil Sci,, t 954 » 

JR. M. Goody and C. D. Walshaw, Quart. J. Roy. Met, Soc., 1953, 79, 496. 

Soil Sci., 1954, 5 , n6. 
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nitrogen from some good English arable and pasture soils, and founc 
that they could lose about one-tenth of their mineral nitrogen as nitrou: 
oxide per day if the soil was wet, about one-hundredth if moist anc 
one-thousandth if fairly dry. If such soils contain lo p.p.m. of minera 
nitrogen in the top 9 inches, these losses work out at about 3 to 0-03 lb 
per acre per day of nitrous oxide, or if it was maintained at this leve 
throughout the year, between 1,000 and 10 lb. per acre annually. A: 
will be shown later some soils which are probably always well aerated 
but which are high in readily decomposable organic matter, appear t( 
lose between 50 and 150 lb. per acre annually, and this when the soi 
is cropped most of the time, so the nitrate content will remain low 


TABLE 68 

The Nitrogen Balance Sheet of a Soil kept Free from Vegetation 
but Exposed to Rain and Weather^ 


Year 

i 

Per cent N 
in soil, 
top 9 in. 

N in soil, 
top 9 in. 
lb. per acre 

Loss of N from 
top 9 in. 
lb. per acre 

N recovered 
as nitrate 
1870-1915 
lb. per acre* 



3500 


....... 

1905 . 

0-102 

2450 

1050 

987 

1915 . 

0-098 

2350 

1150 

1223 


These figures therefore indicate that at least a part of the nitrous oxid( 
in the atmosphere may have come from the soil, and it is not impossiblt 
that a considerable part has. 

J. M. Bremner and K. Shaw® have studied the conditions whirl 
affect the rate of loss of nitrate nitrogen from soils, and as with Arnold’; 
results, find that a normal Rothamsted soil supplied with nitrate anc 
glucose, could lose about 85 per cent of the nitrate in five days. Tliii 
rate of loss was slow in acid conditions, especially below pH 4-8, anc 
was high in slightly alkaline conditions, 8-8-6. It was slow in cole 
soils, increased rapidly with rise in temperature up to 25° C. and was ar 
optimum at 60° C. They found no loss in moist well-aerated soils 

Turning to the field, nitrogen losses from the soil can take three 
forms: nitrogen compounds in crops harvested from the soil, nitrate; 
leached out from the soil, and unaccounted losses presumably in the 

^ Constructed from data given in N. H. J. Miller, J. Agric. Set., 1906 , i, 377 ; and E. J 
Russell and E. H. Richards, ibid., 1920 , 10 , 22 . 

^ After deducting the amount brought down in the rain. No significance should l)< 
attached to the difi'erence between the last two columns owing to the assumptions involvec 
in obtaining, and the uncertainties in interpreting, the figure for the weight of nitrogen n 
the top 9 inches of the soil. 

® J. Agri. Scu, 1958 , 51 , 22 . 











A SOIL NITROGEN BALANCE SHEET 

TABLE 69 

Losses of Nitrogen from a Cultivated Soil 
Broadbalk, Rothamsted, 49 years, 1865-1914 
Pounds per acre in top 9 inches of soil 



Farmyard 

manure 

(Plot2B) 

No 

manure 
(Plot 3) 

Complete Artificials 
(86 lb. N as sulphate 
of ammonia annually) 


j (Plot?) 

(Plot \iy 

N in soil In 1865, lb. per acre 

4850 

2960 

i 3390 

3320 

per cent 

01 96 

0*114 

0*123 

0*121 

N in soil in 1914, lb. per acre 

5590 

2570 

3210 

3240 

per cent 

0*236 

0*092 

0*120 

0*122 

Total change in 49 years, lb. per acre 

M added in manure, seed and rain. 

4-740 

-390 

-180 

- 80 

per annum 

208 

7 

93 

93 

N removed in crops, per annum 

N retained (+) or lost (— ) by soil 

50 

17 

46 

44 

per annum 

4-15 

- 8 

- 4 

- 2 

N unaccounted for, per annum 

143 

(gain 2) 

51 

51 


brni of nitrogen gas and nitrous oxides. In general, if the mineral 
iltrogen status of a soil is low, the only two losses of nitrogen appear 
[0 bn loss by leaching and loss in the crop, whilst if it is high, and 
particularly if it is being maintained high by good husbandry so the 
microbiological activity is also high, there can be very large unaccounted 

looses. 2 

The Rothamsted drain gauges give a good example of the losses from 
a bare uncropped soil being accounted for almost entirely as nitrates 
baching out of the soil. These gauges, each i/i,ooo acre in area, have 
been kept free from vegetation since 1870, and by 1915 had lost one- 
tbird of the nitrogen originally present in the top 9 inches of soil. As 
Tabic 68 shows, practically all this nitrogen was found as nitrate. 

The unmanured plot on Broadbalk, the permanent wheat field at 
botliamsted, gives an example of the full nitrogen loss from the soil 
being accounted for by the nitrogen in the crop removed, as shown in 
Table 69. But this table shows that when nitrogen is added either as 
sulphate of ammonia, or as farmyard manure, very large losses occur, 
less than 70 per cent of the nitrogen in the farmyard manure being 
^i^acrounted for. Some of this loss undoubtedly occurs in the drainage 

^ plots arc almost duplicates, plot 7 receiving 100 lb. each of the sulphates of soda 
magnesia in addition to the 3^^ cwt. of superphosphate and 200 lb. sulphate of potash 
to plot 13. * For a recent review, see F. E. Allison, Adv. Agron.^ i955> 7» 213, 
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water, which cannot be estimated accurately in the field experimen 
but it is very unlikely it could account for any appreciable proportio 
of it 


TABLE 70 

Loss of Nitrogen from Soil under Crops Liberally Supplied with 
Inorganic Nitrogen (Cornell, N.Y,) 


Nitrogen changes in pounds of nitrogen 
per acre 



Timothy 
(9-year period) 

Market garden crops 
(15-year period) 

High 

nitrogen 

Low 

nitrogen 

Nitrogen as 

Sulphate 

of 

ammonia 

Nitrate 
of soda 

Lost from soil 

-90 

-40 

470 


Added as fertiliser and rain 

i860 

700 

2230 


Total 

1770 

660 

2700 

2940 

Removed In crop .... 

1290 

640 


■■ 

Removed in drainage water 

40 

20 

Hi 

m 

Total 

1330 

660 

2030 

2330 

Unaccounted for . 

440 




610 

As per cent added as fertiliser . 

24 

— 


28 


Lysimeter experiments with growing crops can, however, give mor 
detailed information about this loss, because the amount of nitrogei 
lost in the drainage water can be measured.^ Table 70, due to J. A 
BizzelP at Cornell University, shows that provided the level of avaiJabl 
nitrogen in the soil is low, there is tio unaccounted loss, but if it is rais 
by manuring it is appreciable. 

These unaccounted losses also occur when grassland is converted t 
arable, or when virgin prairie soil is broken up for cropping. Oxidatioi 
of the organic matter and nitrification both proceed rapidly in th 
initial years, but only a small part of the loss of soil nitrogen can b 

^ For a review of results obtained from lysimeters see H. Kohnkc, F. R. Drcibclbis and J. 
Davidson, U.S. Dept. Agric,, Misc. Publ. 372, 1940. ' 

^ Cornell Agrk. Expt Sla., Mem. 252, 1943; Mem. 256, 1944. example fror 

California, sec H. D. Chapman et al,, Hilgardia, 1949, 19, 57. 
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TABLE 71 

Losses of Nitrogen Consequent on Breaking up of Prairie Land 
Top 9 inches 



Per cent 

Lb. per acre 

Nitrogen present In unbroken prairie . 

Nitrogen present after 22 years* cultivation 

0-371 

0-254 

6940 

4750 

Loss from soil 

Recovered In crop .... 


2190 

700 

Deficit, being dead loss 

Annual dead loss .... 


1490 

68 


accounted for in the crop. Table 71 gives an example of this at Indian 
Head, Saskatchewan,^ where the rainfall is suflSciently low for there to 
be very little drainage from the soil. These large losses occur in the 
early years after breaking up the prairie, for E. 3 . Hopkins and A. 
Lealicy,^ continuing Shutt’s work at Indian Head, found that in the 
next sixteen years almost the whole of the loss of soil nitrogen could be 
accounted for by the nitrogen in the wheat. H. E. Myers and his co- 
workers^ in Kansas have shown that this loss of nitrogen is proportional 
to the nitrogen content of the soil in excess of its equilibrium value for 
the rotation adopted; thus for the wheat and barley rotations used, 
nitrogen losses only occurred if the nitrogen content of the soil exceeded 
010 per cent. 

All these results and conclusions can be readily explained by Arnold’s 
results on denitrification, already discussed. The observed losses could 
all be proportional to the average level of mineral nitrogen in the soil, 
and though they are higher than the calculated mean annual loss of 
nitrogen for the world as a whole, this would be expected as the 
examples have all been chosen from soils whose nitrogen status is well 
above their equilibrium levels. 

Gains of Nitrogen by the Soil 

Most soils are continuously losing nitrogen by one or more of the 

I processes so far described; they must possess, therefore, some methods 
gaining it to balance these losses. Arable soils in the temperate 

r. Shutt, J. Agrk, Sci., 1910, 3, 335. 

I Canada Dept. Agric., Publ. 761, 1944. 

b.ansas Agrk. Expt. Sla., Tech. Bull. 56, 1943. For an example from the Canadian prairies, 
1 >. Newton et al., ScL Agrk., 1945, ai, 718; and for the Great Plains, H. J. Haas et a/., 
1^‘pL Agric., Tech. Bull. 1104, 1957. 
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regions, if allowed to revert either to natural forest or to pasture, rapidlj 
g ain nitrogen and organic matter. On Broadbalk field, for example 
a third plot adjacent to the two quoted in Table 69 carried a wheai 
crop in 1882 which was never harvested: the plot was allowed to reven 
to natural prairie by cutting out all bushes and trees at regular intervals 
A. D. Hall^ found that in 1904, after twenty-two years, the vegetatior 
consisted of 60 per cent grasses, 15 per cent miscellaneous herbs and 
25 per cent legumes, mainly meadow vetchling {Lathyrus pratensis) 
The gains in nitrogen and organic matter during this period wert 
considerable, as shown in Table 72. The nitrogen is all in organu 
compounds, for the nitrate and ammonium remain at low levels— th( 
nitrate well below that of arable land and the ammonium a little abov( 
it. The gain in nitrogen in a neighbouring field, Geescroft, whicl 
carried clover in 1885 and was then allowed to go derelict, is also givci 


TABLE 72 

Gain in Nitrogen in Soils Permanently Covered with Vegetation 
Rothamsted Soils Left to Run Wild for over Twenty Years 


Broadbalk: CaCOj, 3*32 per cent Geescroft: CaCOg, 0*16 per cent 


Carbon, Nitrogen. Carbon, Nitrogen, 

per cent per cent per cent per cent 

1881 I 1904 1881 i 1904 1883 i 1904 1883 | 190^ 


ist 9 inches . 

1*14 

1*23 

0*108 

0*145 

Ml 

1*49 

0*108 

0*131 

2nd 9 inches . 

0-62 

070 

0*070 

0*095 

0*60 

0*63 

0*074 

0*083 

3rd 9 inches . 

0*46 

0*55 

0*058 

0*084 

0*45 

044 

0*060 

0*065 


Approximate gain in nitrogen, lb. per 

acre 2200 1400 

Lb. per acre per annum ... 92 60 


in Table 72. This soil contains much less calcium carbonate, has abou 
the same mechanical analysis, but it is much worse drained and lie 
water-logged for long periods. It also had a very unkind tilth for ; 
number of years previously. In 19194 the grass Aira caespitosa compose( 
86 per cent of the plants present and legumes were almost entirel 
absent, composing only 0-4 per cent of the plants'present; yet its annua 
gain of nitrogen was only about 35 per cent less than that of th 
Broadbalk plot. 

In the same way arable land laid down to pasture increases 1 
nitrogen content: the typical nitrogen content of Rothamsted arab! 
soils is about o- 1 1 per cent and of old grassland about 0'25 per cem 
and H. L. Richardson^ estimated it takes about twenty-five years fc 
* J. Agik. Sd., 1905 , I, 241 . • J. Agric. Set., 1938 , a 8 , 73- 
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half this gain to take place, as is shown in Fig. 23. This rate of gain 
vvorks out at about 70 lb. per acre per year of nitrogen in the top 
g inches of soil over this period, but these pastures will contain clovers. 



Tig. The rate of accurnulation of nitrogen in the lop 9 in. of soil at Rothamsted when 
old arable land is laid down to grass. 

But land laid down to grass can accumulate nitrogen in the soil even 
if tlie pasture contains no clovers. Thus, T. L. Lyon and H. O. 
Buckman,^ at Ithaca, found the soil under a grass ley, apparently free 
from legumes, accumulated 40 lb. of nitrogen per acre per year if the 
hy was cut and the grass left on the surface, but lost a few pounds if 
the hay, which contained about 20 lb. of nitrogen per year, was re- 
i moved. Similarly, J. W. White, F. J. Holben and A. C. Richer, ^ work- 
: ing in Pennsylvania, found the soil under a grass ley described as free 
from leguminous plants, gained 15 to 30 lb. of nitrogen per year. 

Soils can gain small amounts of nitrogen from the rain which falls on 
them. Thus at Rothamsted® rainwater carries down annually about 
4 lb. per acre of nitrogen as ammonia and nitrates, at Cornell^ the 
figure is about 5 lb. and elsewhere in the world® it varies from 2 to 20 lb. 
per acre. These quantities are clearly quite inadequate to give the 
gains of soil nitrogen just quoted, although in some stable and mature 
ecological regions, such as undisturbed natural forests, it may be 
sufficient to balance the losses of nitrogen by leaching. 

I and Properties of Soils, 4tli ed.. New York, 1943, p. 393. 

f Amer, Soc. Agron,, 1945, 37 > 21. ® N. H. J. Miller, J, Agric, Scu, 1905, i, 280. 

^ W l.tAimd,'' Agron, J., 1952, 44, 172. 

for example, E. Erikson, Tellus., 1952, 4, 215, for a collection of published data. 
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The most important natural process for increasing the nitrogen 
content of soils in temperate agriculture is through bacteria living in 
the nodules of leguminous plants, a process discussed later on in 
this chapter. Thus on p. 348 it is shown that a good clover or lucerne 
crop will increase the organic nitrogen in the soil by over 100 lb. per 
acre annually — a quantity which can be measured without much 
difficulty. Symbiotic nitrogen fixation is also brought about in root 
nodules on certain trees and shrubs, probably by actinomycetes though 
this has not been adequately proved; and this process appears to be of 
importance in the colonisation of land after it had been freed from the 
ice-sheets which covered much of the Northern Hemisphere, or of sandy 
land left by the retreat of the sea. This process is discussed in more 
detail on pp. 325-6, but it has not yet been used in agriculture. It is 
also possible, but not yet properly proven, that nitrogen fixation may 
take place in nodules on the leaves of certain plants, or even by bacteria 
living on their leaves, processes mentioned again on p. 326. 

Nitrogen fixation can also take place in soils by processes which do 
not involve living p^lants. A number of pigmented bacteria capable of 
photosynthesis are also capable of nitrogen fixation, and indeed these 
two properties may be very closely linked.^ But these micro-organisms 
are all anaerobes and the only ones for which there is any evidence that 
they may be of importance for agriculture are the non-sulphur purple 
bacteria (Athiorhodaceae) which occur in many water-logged paddy 
soils.® The blue-green algae also fix nitrogen in sunlight, as described 
on p. 163, but they can function in aerobic as well as anaerobic condi- 
tions, and whilst of importance in paddy soils and in the water lying on 
the soil, they may also be of minor importance on the surface of moist 
soils under some conditions. There are also a number of bacteria which 
fix nitrogen in the soil itself, of which the Azolobackr and Clash idia 
groups are of most importance, or at least have been most intensively 
studied; but there may be many other groups, occurring in much 
higher numbers in the soil than these two, which can take some part in 
the process. 

One further point that should^ be emphasised once again in this 
introduction is this. Biological nitrogen fixation only appears to take 
place in soils when the vegetation is not in equilibrium with the soil and 
climate, or when nitrogen compounds are being removed from the 
land. Thus agriculturally biological nitrogen fixation is edways likely 
to be going on, to a greater or lesser extent, unless the farmer is regu- 
larly using appreciable amounts of farmyard manure or other organic 
or inorganic nitrogen manures or fertilisers. 

^ For a review, sec J. L. Stokes, Ann, Rev, MkrobioLy 1952, 6, 29. . . u- ' ' 

* A. Okuda et at,, Soil and Plant Food, 1957, 2, 131, and 6 tli hit, Congr. Soil Sci. 

1956 C, 521, 
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Non-sytnbiotic Fixation of Nitrogen 

Soils contain a number of free living nitrogen-fixing organisms, and 
hough most investigations have been confined to two groups of 
lactcria and some blue-green algae, modem techniques based on the 
ise o*" air enriched with either the stable isotope or the radio-active 
s’ have demonstrated conclusively that a number of other organisms 
an convert atmospheric nitrogen into organic compounds. Excluding 
he blue-green algae and the photosynthetic bacteria, the organisms 
vhich have been proved to fix nitrogen appear to be: 

1. Bacteria of the genus Azotobacier. The common soil species are 
hioococcum, beijerinckii and vinelandii, and are relatively large organisms 
•ncascd in bacterial gum. They are aerobic, and usually confined to 
oil;; well supplied with phosphate and not more acid than pH 6,^ 
hough species have been found in acid soils. * Though widely distri- 
juted, they do not occur in many soils that are apparently suitable for 
hem. 

2. Bacteria of the genus Beijerinckia. The first spewies discovered was 
)riginally described as an Azotobacier {A. tndicum), but H. G. Derx® 
icparated it from Azotobacier on morphological grounds, and subse- 
i^ucntly H. L. Jensen® showed they differ in their nutritional require- 
ments, for Beijerinckia has a lower calcium demand than Azotobacier 
and it cannot use vanadium in place of molybdenum. It appears to be 
a tropical genus for Y. T. Tchan® could only isolate it from Australian 
soils collected north of latitude 1 8° S., and A. J. Kluyver and J. H. 
Becking® failed to find it in any of a large number of temperate soils 
they examined. However, T. Suto’ isolated it from a Japanese volcanic 
soil in latitude 38® N. 

Three species of Beijerinckia have been recognised, all of them very 
acid tolerant though they are not confined to acid soils. They have 
been isolated from many different parts of the tropics, but details of 
their distribution are not yet known. J. Ruinen® has also recorded them 
as occurring in large numbers on the leaves of some tropical forest trees 
land lianas (p. 327). * 

3- Many bacteria belonging to the Clostridium group, and perhaps 
jail that occur in soils. These differ from the two preceding in being 

I.. Jensen {Tidsskr. Planteavl, 1950, 53, 622) and A. Kaila (Maataloust. Aikak., 1954, 
f none occur below pH 5*8, T. McKnight {Queensland J . Agric, ScUy 1949, 6 , 177) 

in soils between pH 5*5 and 6-o- 

Ah ^ ^‘^i^niple by Y* T, Tchan, Proc. Linn, Soc, Jt953> 7^, 83, and H. L. Jemcn, 

w. «955, S. 280. 

4 p Meded, Konink, Med, Akad, Wetens,^ 1950, 53, No, 2. 

bml. Rtv., xg, igg. 

7 0 Soc, M,S,IV., 1953, 78, 1 71. * Ami, Acad, Sci, Fennicae, 1955, 60, 367. 

Pfp. Res. hist. Tohuku Univ.y See, D, 1954, 6 , 25, ® Mature^ 195G, 177, 220. 
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found in nearly every soil in which they have been adequately looked 
for. They have only been proved, in the laboratory, to fix nitrogen 
under conditions of low oxygen tension, but these conditions are likely 
to occur in isolated pockets for short periods in soils normally considered 
well aerated. 

4. P. W. Wilson and his co-workers have recently shown that a 
number of common soil bacteria, belonging to the genera Aerobmer} 
Achromobacter and Pseudomonas^ can also fix nitrogen, to a small extent 
under aerobic conditions, but better under conditions of low oxygen 
tension. Although they appear to be far less efficient nitrogen feers 
than the previous groups they are present in far larger numbers in the 
soil, so their overall importance may be much greater. 

5. A few other soil bacteria^ have been claimed to be nitrogen fixers. 

6. Two yeasts, one a Saccharomyces and one a Rfiodotorula^ found in 
the subsoils of acid heaths of/?H 4-5 under Betula and Calluna in Kent 
have been proved to be nitrogen fixers, but being subsoil orgamsms 
they were only present in very small numbers.^ 

There are at present no techniques for estimating the relative contri- 
butions made to the nitrogen compounds in the soil by these groups. 
Azotobacter appear to be relatively rare organisms in most agricultural 
soils, although commoner in clay soils than sands.^ Thus J. Mcikle- 
John only found up to 200 cells per gram of soil from eight Broadbalk 
plots, and even these low numbers showed considerable seasonal 
variation; H. L. Jensen® found under 1,000 per gram of soil in 90 per > 
cent of the 264 Danish soils in which he looked for them, and G. R. 
Anderson"^ found similar results in the Palouse region of Washington. 
Clostridia are present both in a wider range of soils and in larger 
numbers, usually from tens to hundreds of thousands per gram of soil 
These numbers are extremely low compared with total population of 
several thousand million. Unfortunately there is still considerable 
doubt about the efficiency of the counting techniques employed for these 
two groups,® and they may be very considerably under-estimated. 

The chemistry of the nitrogen fixation process is not known. The | 
four organisms that have been investigated in detail — blue-green algae, 

^ With P. B. Hamilton, Ann. Acad. Sci. Fenn., A II Chem., 1955, 60, 139. 

* With M. H. Proctor, Nature, 1958, xSz, 891. 

* For example by Y. T. Tchan and J. Pochon, C.R., 1950, 230, 417, and i* ’ 

Tchan, Proc. Linn. Soc. N.S.W., 1952, 77, 92, F, D. Sislcr and C. E. Zobcll, Science, i95'> 
113, 51 1. p 

* G. Metcalfe and S. Chaycn, Nature^ *954? 3[74> ^ind E. R, Roberts and T. G. 
Wilson, Nature, 1954, 174, 842. 

® See, for example, T. McKnight, Queensland J, Agric. Sci,, 1949, 6, 177. 

® Trans, 4th Int. Cotigr. Soil Sci. (Amsterdam), 1950, i, 165. 

1958, 86,57. ' ^ E‘ol 

* For a discussion of some of the problems involved, sec F. M. Collins, Aust. J. ’ 

X952» 30j 5^7> Gl. A. Parker, Ausi, J. Agric. Res,, 1954, 5, 90. 
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AzotobacteTy Clostridia and the nodu]e bacteria — may all use the same 
process. All four use an enzyme reaction that is suppressed by carbon 
monoxide or hydrogen gas, and all need small amounts of molybdenum 
ibr efficient working although larger quantities of vanadium will allow 
them to work less efficiently;^ and all four only fix nitrogen when the 
level of available nitrogen salts is low. The first product of nitrogen 
fixation is not known for certain, but presumptive evidence is that it is 
ammonia which then reacts with a-ketoglutaric acid to give glutamic 
acid.^ Clostridia in pure cultures excrete soluble nitrogen compounds 
into the surrounding medium during their period of active growth, 
^vlicrcas Azotobacter usually only do this after their rapid growth has 
ceased.^ 

Nitrogen fixation goes on more actively under conditions of poor 
than of good aeration, provided no hydrogen gas is being produced, 
liius C. A. Parker^ found that his strains of Azotobacter^ which are 
usually regarded as aerobic organisms, fixed about 22 mgm. N per gm. 
()1 sucrose used when the oxygen content of the air was 4 per cent, but 
only 8 mgm. when it was 20 per cent. Again it will grow symbiotically 
^^ith facultative anaerobes under partially anaerobic conditions on 
plant residues, such as cellulose, hay or straw: there must be an in- 
adequate supply of nitrogen compounds for the facultative anaerobes, 
and there must be an air supply sufficiently restricted for the fermenting 
bacteria to convert a considerable proportion of the cellulose into 
simple acids, such as lactic, butyric or acetic.® Thus, under water- 
logged conditions H. L. Jensen and R. J. Swaby® found that Azotobacter 
could fix about 14 mgm. of nitrogen per gm. of cellulose decomposed, 
and most of this nitrogen was taken up by the other bacteria. C. J. Lind 
and P. W. Wilson^ also found that under these symbiotic conditions 
Azotobacter could fix nitrogen efficiently with a much more restricted 
supply of available iron than in pure culture. 

Clostridia have usually been claimed to be less efficient fixers of 
nitrogen in pure cultures than Azotobacter ^ fixing only 6*8 mgm. per gm. 
of sugar decomposed compared with about 20 mgm., but E. D. Rosen- 
blum and P. W. Wilson® showed, this was principally due to the 
conditions in the medium not being favourable to high fixation rates, 
‘ind when these were assured, the efficiencies of the two organisms were 
similar. They also showed that using proper techniques all the soil 

] last result docs not apply to Beijerinckia for some reason (p. 321)* 

^ Kti reviews see R. H. Burris and P. W. Wilson, Ann, Rev. Biochem.y 1945, I4 j ^85, and 

y i 4I1 and A. I. Virtanen, Arui. Rev. Microbiol. ^ 1948, 2, 4B5. 

^ 11. Burk and H. H. Burris, Ann, Rev. Biochem., 1941, 10, 587. 

1954, 173, 780. For earlier examples, see D. Burk, J. Phys Chem., 1930, 34, 
Proc. I Ann. Soc. N.S.W.^ 1940, 65, i. 

^ 1 1 . Riehards, J. Agric. SrA., 1 939, 29, 302. “ Proc, Linn. Soc. N.S. IF., 1941 , 66, 89. 

‘ 1942, 54, 102. *J,Baci., I949>S7»4I3^ >950, 59,^3* 
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Clostridia which could be made to^grow actively in their media were 
active nitrogen fixers. 

The efficiency of fixing nitrogen by Achromobacter and Pseudomonas 
in aerobic conditions is lower than these figures, being between i and 
4 mgm. nitrogen fixed per gm. of sugar decomposed,^ and although 
Proctor and Wilson state that poor aeration increases the rate of 
nitrogen fixation, they gave no figures for its effect on the efficiency of 
fixation. 

The soil conditions favouring non-symbiotic nitrogen fixation con- 
form with expectations based on these results, for this nitrogen fixation 
only seems to be an important factor in soils whose organic nitrogen 
content is below the equilibrium value for the current system of 
cropping and in which the ammonium and nitrate levels are low, a 
good example being old arable land going to a low legume grass or 
scrub vegetation. There is a return, small at first and then larger, of 
dead plant tissues low in nitrogen, and the greater the return of dead 
plant material, that is, the better the soil is supplied with nutrients or 
the better drained the soil, the more rapid the fixation, as can be seen 
from the figures for Broadbalk and Geescroft Wildernesses given in 
Table 72 on page 318. 

TABLE 73 

Effect of Glucose and Sucrose on the Productiveness and Nitrogen 

Content of the Soil 


Sugar added per 

100 gm. of soil 
in Spring 1905 

Crops obtained 

Total 

N re- 
moved 
In both 
crops 

Nitrogen left in 
soil, Spring 1906 

Oats, 1905 

Sugar-beet, 

1906 

Dry 

matter 

Yield 
of N 

Dry 

matter 

Yield 
of N 

Gm. 

Total N 
per cent 

Nas 
nitrate, 
parts per 
million 

None .... 

100 

100 

100 

100 



10 

2 gm. glucose 

32-8 

62-5 

186 

190 


B8fts 

17 

2 gm. sucrose 

33-3 

587 

179 

195 



15 

4 gm. sucrose 

377 

78- 1 

283 

339 

Hill 

0119 

37 


Non-symbiotic nitrogen fixation also occurs when high levels of 
readily decomposable carbonaceous matter is added to the soil, such 
as sugar for example. The first cfl'ect of adding sugar is to reduce the 
ammonium and nitrate production, with a consequent reduction ib 
plant growth at this period, but later on the increased nitrogen content 

* M. H. Proctor and P. Wilson, Mature^ ^91* 
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of the soil gives an increase in the readily nitrifiable nitrogen com- 
pounds. Table 73, taken from some pot experiments of A. Koch,^ gives 
an example of this effect. Adding carbonaceous matter to the soil does 
not always give this effect. Ploughing in straw without the addition of 
extra nitrogen usually reduces the yield of the following crop and does 
not increase the yield of the next. 

Russian workers have claimed that the nitrogen economy of the soil 
ean be improved by suitably inoculating it with AzotobacteVy without 
adding any additional energy-containing material. This practice 
appears to be widespread in Russia at the present time and has already 
iKcn mentioned on p. 227. 


Symbiotic Nitrogen Fixation in Non-leguminous Plants 


Symbiotic nitrogen fixation takes place in plants belonging to 
families other than the Leguminoseae. A group that has been in- 
tensively studied are typically plants of moist or wet lands belonging 
to several families.^ They include alder {Alhus glutinosa)^^ bog 
myrtle {Myrica gale),^ species from the three genera belonging to the 
family Elaeagnaceae, namely, sea buckthorn {Hippophae rhamnoides)^^ 
Sheppardia spp.® and Elaeagnus spp. and to the genera Coriaria^ Ceanothus 
and the sub-tropical and tropical Casuarina. The nodules are similar to 
leguminous nodules in being red inside, though the colour is due to an 
anthocyanin® and not to a haemoglobin being present. They differ 
from leguminous ones in that the symbiont or symbionts have not been 
grown in pure culture, nor is it certain to what group of organisms they 
udong. In the nodules they give the appearance of actinomycete 
h\ phae,^ but L. E. Hawker and J. Fraymouth^® have made out a case 
for (heir belonging to the Plasmodiophora or slime fungi. The symbiont 
not the same for all the plants in this group, and appears to be 
clilferent for each family. It is different for Aims, Myrica and Hippophae, 
as tlicse cannot be cross-inoculated, but may be the same for the three 
genera in the Elaeagnaccae, as these can be cross-inoculated.^^ The 


‘7. Landw,^ 55, 355. 

“ tor an extensive review of this subject, together with lists of species on which nodules have 
umnd, see E. K. and O. N. Allen, Handb. PJl. Physiol,, 1958, 8, 48. 

“ bond, J, Exp, BoL, 195G, 7, 387, and J^'ew PhyloL, 1956, 55, 147. 

;■ bond, Ann, Bot., 1951, 15, 447, and 1952, 16, 467. 

Bond and his co-workers. Plant and Soil, 1954, 5, 309, and Ann, BoU, 1956, 20, 501. 

' i U. Gardner and G. Bond, Can, J. BoU, 1957, 35, 305. 

Bond and P. Montserrat, Nature, 1958, 182, 474. 

^ Bond, Ann, BoU, 1951, 15, 447. 

^ w Pictures of this, see K. Shibata, Jahr, wiss, BoU, 1 902, 37, 643, and with M. Thaharo, 
1917, 31, J57, and R, Schaedcr, Planta,, 1933, 19, 389, 

Microbiol,, 1951, 5, 369. 

r hoberg, Jahrb, wiss, BoU, 1934, 79, 472, and G, Bond and his co-workers. Plant and 
» ^^> 54 * 5 > 309* and Canad. J, BoU, 1957, 35, 305. 
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nodules have a much less regular shape than are usually found on 
leguminous roots. If the plant is grov\^ing in wet conditions, the nodules 
often send up roots devoid of root hairs to the surface, though whether 
their function is to increase the oxygen supply to the symbiont has not 
yet been proved. G. Bond and J. T. MacConnelU have, however, 
shown that a fairly good oxygen supply is necessary for high rates ot 
fixation: for alder a reduction of oxygen content from 21 to 12 per cent 
nearly halves the rate of nitrogen fixation. Further, some of these plants 
will fix nitrogen when growing in very acid soils. Thus G. Bond^ finds 
Myrica gale can fix nitrogen actively at pTA 5*4, probably at/;H 4*2^ and 
doubtfully at />H 37. 

The chemistry of the nitrogen fixing processes in these nodul^es is 
not known, but it is probably as efficient a process as in leguminous 
nodules. Further, it continues to go on in isolated nodules lor a much 
longer time and much more efficiently than in isolated leguminous 
ones.^ The rate of fixation per gram of nodule is similar to that in 
legumes, Alms nodules fixing about 800 mgm. and Myrica and Casuaiim 
about 400 mgm. nitrogen per gram of dry matter during the growins; 
season compared with about 700 mgm. for field beans and red clover 
and 250 mgm. for soybeans.^ 

Other groups of plants have also been claimed to carry symbiotic 
nitrogen-fixing mechanisms either on their roots or leaves. Thus 
R. Douin® has claimed that certain members of the Cycadaceae have 
roots bearing nodules containing the nitrogen-fixing blue-green alga 
Anabaena cycadeae. One species, Cycas circinalis^ which he claimed to have 
this property, occurs in rather dry thickets and coastal forests in East 
Africa, and is even cultivated along the coastal strip. This family is a 
relict from the end of the Triassic period. 

A number of tropical shrubs have knots or swellings on their leaves 
which contain bacteria and which have been claimed to fix nitrogen. 
Most of the shrubs belong to the family Rubiaceae,® although Dioscora/ 
a monocotyledon, also possesses them. These claims for nitrogen 
fixation were all made many years ago, and no work appears to have 
been published in which this possibility has been re-investigated using 
modern techniques. These claims, if well founded, would be of great 
ecological interest, as many tropical rain forests contain numerous tree 
species belonging to the Rubiaceae as well as to the Leguminoscae, and 
the leguminous trees are, on the whole, not nodulated possibly because 
the Rubiaceae are the principal source of' new nitrogen compounds for 

^Nature, 1955, 176, G06. ^ Ann. Bot.f 1951, i 5 > '^ 7 * 

» G. Bond, J. Bxp. BoU, 1955, 6, 303. ' 

* G. Bond, Ann. Bot., 1957, 21, 373. ^ C.R.y 1953, 236, 95 ^^* 

® F. C. Faber, Jahrb. wiss. Boi., 1912, 51, 285; K. A. Rao, Agric, J, Indian 1923, i"? ' 

’ M. Y. Orr, Edinb» Roy. Bot. GardenSj Notes, 1 924, 14, 57. 
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his type of vegetation (but see p. 237). J. Ruinen^ has found species 
)l the non-symbiotic nitrogen-fixing bacterium Beijerinckia very common 
nhabitants of the leaf surface of many such plants, and has suggested 
hat this bacterial genus is not a true soil inhabitant but a leaf in- 
aabitant, and this is the reason it is confined to soils in tropical areas. 

If this picture is correct, it is an example of a bacterium occupying a 
half-way house to specialised symbiotic activity. 

Symbiotic Nitrogen Fixation in Leguminous Plants 

Certain leguminous plants are very extensively cultivated in tem- 
perate agriculture, and correspondingly their ability to fix nitrogen 
has been equally extensively investigated. But D. O. Norris® has 
emphasised that any general discussion on symbiotic nitrogen fixation 
must be based on the fact that the great majority of leguminous genera 
and species are tropical, and that the ancestral ecological niche was 
probably on fairly strongly leached soils in tropical rain forests. The 
temperate and sub-tropical legumes developed fro*m these, and some 
of them, particularly certain species belonging to the Trifolieae, which 
includes the genera Trifolium, Medicago, Melilotus and Trigomlla, and 
the Vicicae, which includes the genera Vida, Pisum, Lens, Cicer and 
Lailijrus, have become adapted to neutral or calcareous soils of higher 
nutrient status. A high proportion of the leguminous crops cultivated 
; in temperate agriculture belong to these groups, and a very consider- 
able proportion of the research work done on legumes has been confined 
to a few species having this untypical demand for fertile soils of high 
‘'’alcium saturation. A great many of the statements made in this 
hapter may therefore be of limited validity; how limited cannot be 
;no\vn until far more work h2is been done on the tropical species. 

A typical statement often heard is that leguminous crops carry 
iodules on their roots, which fix nitrogen, and therefore legumes raise 
he nitrogen status of the soil. This statement is only doubtfully true 
or the cultivated large-seeded crops, such as peas, beans, soybeans and 
groundnut because, even if their roots are well nodulated, which is 
3 ften not so when they are grown under good farming conditions, a 
liirge proportion of the nitrogen they have fixed is removed from the 
land in the seed crop, and nearly all the rest is in the vines or straw 
which again is usually removed at harvest time. And in the tropics 
Many legumes, grown for the ostensible purpose of raising the nitrogen 
status of the soil, are not even nodulated for most of the growing season, 
^t is not known if there are genera or sub-families which never carry 
tiodules on their roots, and the problem is complicated because a 
' ^alure, 1956, 177, 230. * Emp. J. Exp. Agric., 1956, 34, 247. 
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leguminous plant growing in one habitat, for example, high tropical 
rain forest, may rarely be nodulated, yet it may be commonly well 
nodulated in another habitat, for example, on the fringes of the forestj 

The nodules, which are found on the roots of leguminous crops, var^ 
widely in their shape and size, but typically they are excrescences on 
the outside of the root, which can be easily broken off; in fact one can 
often only tell if a plant is nodulated by digging it up and carefully 
removing the soil from around its roots. The nodules may be spherical, 
though they are usually elongated, or flat and grooved, or may have 
finger-like projections, or they may be irregular and sometimes con^ 
voluted, though they usually have a smooth surface. Their size may 
vary from that of a pin head to over i cm., but the larger nodules are 
never spherical but have shapes giving a high ratio of surface area tc 
volume, possibly to ensure an adequate supply of nitrogen gas to the 
active nodule cells and an adequate means of disposal of the carbon 
dioxide produced in the nodule. Typical shapes on clover and lucerne 
roots are illustrated in Plates XII and XVI. 

Nodules contain* bacteria living symbiotically with the plant; the 
plant leaves supplying the carbohydrate and the bacteria the amine 
acids for the combined organism. But the bacteria become parasitic 
if for any reason the carbohydrate supply is restricted, as, for example 
by keeping the plant in the dark,^ or by restricting the boron supply- 
so that the vascular strands supplying carbohydrates to the nodule fai 
to develop, for the nodules form close to the vascular strands, as car 
be seen in Plate XIV. This parasitism also occurs normally in ok 
nodules, resulting in their decay, and in nodules of some annuals sucl 
as peas and vetches at the time of flowering or setting of seed.^ 

THE BIOCHEMISTRY OF NITROGEN FIXATION 

The biochemistry of the nodule is only partially understood, the 
great experimental difficulty being that the bacteria can so far only be 
made to fix nitrogen eflTectively when living in nodules attached to the 
living plant, although they will fix^a little nitrogen for a short time aftei 
the nodule is cut off from the root.® 

Symbiotic fixation also differs from non-symbiotic in that a substance 
similar to haemoglobin, and sometimes called leghaemoglobin, i' 
essential for the process;® for there is a good correlation between the 

^ For an example from the Yangambi forests (Belgian Congo), see C. Bonnier, 

Sci. Ser,, Publ. 72, 1957. 

* H. G. Thornton, Proc. Roy. Soc., 1930, 106 B, 1 10. 

® W. E. Brenchley and H. G. Thornton, Proc. Roy. Sac., 1925, 98 B, 373. , 

*J. S. Pate, Aust. J. Biol. Sci.^ 1958, Hj 366, 496. 

® M. H. Aprison and R. H. Burris, Science y 1952, 1x5, 264. 

•H. Kubo, Acta Phytochim., Tokyo, 1939, ii, 195; D. Keilin with Y. L. Wang, 

* 55 » 227 and v/ith J. D. Smith, ibid., 1947, X59, 692. 
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mount of haemoglobin in the nodule and the rate of nitrogen fixation;^ 
, 1(1 some ineffective nodules have a pale light green colour and do not 
oil lain it. Nodules containing haemoglobin are bright red on sunny 
lavs, but brown on cloudy days because the haemoglobin is converted to 
nctbaemoglobin. The role and mode of formation of the haemoglobin 
? unknown: it is only produced in nodules containing bacteria, and it 
presumably dispersed in the cytoplasmic fluids or the vacuole, 
ircause it can easily be washed out of the crushed nodules.* Other- 
vise the chemistry may be similar to non-symbiotic fixation, for the 
irst product in both processes seems to be ammonium which is con- 
, cried to glutamic acid presumably by reacting with a-ketoglutaric 
icid. This apparently becomes converted in the nodule to the amino 
icicl-i characteristic of the proteins of the plant, for the distribution of 
amino acids in the nodule and in the plants is otherwise similar.® 
Nodules can only fix nitrogen actively if the plant is adequately 
qipplicd with all the mineral elements essential for active growth. But 
III addition all nodulated plants probably have a higher molybdenum 
requirement than un-nodulated, and some species have a higher 
calcium or higher pH requirement, and a few a higher boron and 
ailpimr requirement. Thus W. E. Brenchley and H. G. Thornton* in 
iqjG showed that the symbiosis between the nodule of the plant could 
\y be complete with broad beans {Vicia faba) if it was adequately 
iplied with boron, as otherwise the vascular tissue between the 
dnlc and the root did not develop properly; and it is probable that 
s need is higher with broad beans than many other legumes, though 
s jjoint does not seem to have received detailed investigation. Again 
:crnc and groundnuts may have a higher sulphur demand than 
my other legumes. On the calcium requirement or requirement, 
me plants, for example, lucerne and red clover, only grow well on 
ils oi fairly high pH or calcium status, and in general they need soils 
pH 6 or above for optimum growth. On the other hand, some 
lite clovers and subterranean clovers can fix nitrogen in soils of 
^ 4 “ "i'S® although they usually respond to liming if the soil is as 
id as this, w’hilst other plants, and particularly many tropical 
guines, can fix nitrogen actively at these low soil j&Hs, provided they 
HI extract calcium from the soil. Thus W. A. Albrecht® found that 


1. Virtanen, Bial. JRev., 1947, 22, 239. Acta Chem., Scand., 1947, X, 861; A. Novotny- 
"'■czviiska, Bull. Acad. Pol. Sci., B 1949, 53, and J. D. Smith, Biochem. J., 1949, 44, 591. 

; 1 ). Smith, Biockm. J., 1949, 44, 585. 

hnUH ' 95 '’ 3 *’ 

I hysioL, 1952, *7. 


, 452 and L Zelitch, P, W. Wilson and R. H. Burris, 


Soc., '1923, 98 B, 373 


^ lor example, H. L, Jensen, Proc. Linn, Soc, I947> 7 *> 265. 

7 1933^ *5? 5*2, and with C, B, Harston, Proc, Soil Sci, Soc, Amer,y 
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soybeans could nodulate well and fix nitrogen actively in a soil of 
pTA 4*2 provided the calcium supply was adequate. So far no quanti. 
tative study seems to have been made on the ability of acid-tolerant 
temperate legumes, for example, lupins or gorse {Ulex europaeus) to fix 
nitrogen in acid to very acid soils. 

The reason for this difference in pVL or calcium requirements of the 
various legumes is not completely known. It is partly due to the nodule 
bacteria of lucerne, and presumably other high /?H legumes, having an 
appreciable calcium demand for their multiplication, whilst those of 
the acid-tolerant type, for example, soybeans, have only a very small 
demand, though these may have a larger magnesium demand.^ It is 
also possible that the acid-tolerant legumes have a greater ability than 
the acid-sensitive ones to extract calcium from relatively unavailable 
forms. Thus D. O. Norris^ has shown that on some strongly leached 
acid soils in Queensland the typical tropical legumes could take tip 
adequate amounts of calcium for active growth and nodulation, whereas 
temperate species of Trifolium and Medicago failed to grow properly, yet 
a dressing as low ^s 2 cwt. per acre of calcium carbonate was sufficient 
to give reasonable, and 10 cwt. per acre good, growth and nodulation. 
It is, incidentally, because clovers respond to such very low dressings 
of calcium carbonate in parts of Australia that the practice of pelleting 
clover seed with calcium carbonate and the correct nodule bacteria can 
be so effective; and it is also probable that clovers and lucerne on these 
soils are suffering from a pure calcium deficiency and not from any 
other possible consequence of soil acidity. 

The molybdenum requirements of leguminous plants are entirely, 
or almost entirely, for the nitrogen-fixing mechanism; for the plants 
will grow perfectly well, and their roots will be well nodulated, in soils 
very low in molybdenum, but the nodules will fix no nitrogen.® Again, 
if the molybdenum is in short supply, the molybdenum in the plant 
will be concentrated in the nodules rather than in the roots or tops. 
H. L. Jensen and R. C. Betty,^ for example, found the nodules of lucerne 
contained 6-20 p.p.m. of molybdenum in the dry matter, which wai 
5-15 times as much as the rest of the root system, which in turn had^ 
higher content than the tops. It is only when the supply is adequate 
that the molybdenum content of the tops begins to rise. In Australia 
and New Zealand there are some soils on which subterranean clovei 
will not grow unless it is given a dressing of molybdenum salt 

^T. M. McCalla, Missouri Agric, Exp, Sta., Res, Bull, 256, 1937, and D. O. Norris, M 
J, Exp, Agric,, 1956, 24, 247, and Nature, 1958, 182, 734. 

* Nutrition of Legumes, ed. E. G. Hallsworth, London, 1958. 

® A. J. Anderson, Aust, Counc, Sci, Indust., Res. Bull. 198, 1946; and H. L. Jensefn, Rfoc. 

Soc. N.S.W., 1945, 70, 203. 

^ Proc. Linn. Soc. N.S.W., 1943, 68, i; sec also K. G, Vinogradova, C.R. Acad, Sci. 

1943, 40, 26. 




EFFICIENCY OF FIXATION 33I 

pressings of a few ounces per acre of molybdenum as sodium molyb- 
late^ are common, but examples of appreciable responses to 1/32 oz. 
about I gm.) and J oz. have been reported.® If the concentration 
)f molybdenum in the soil is too high, it accumulates in the leaves 
jf the leguminous plants and causes the soil to become “teart”® (see 
3.36)- 

The bacteria in the nodules must be supplied with energy if they are 
to fix nitrogen, and hence with oxygen for the oxidation of the carbo- 
hydrate. G. Bond* has estimated that, in some of his experiments with 
soybeans, 16 per cent of the total carbohydrates synthesised by the 
plant were respired by the nodules, and of the total respiration from the 
plant, 57 per cent was from the tops, 18 per cent from the roots and 
25 per cent from the nodules. Hence a well-nodulated leguminous crop 
in the field needs a better oxygen supply to its roots, which respire more 
carbon dioxide than does a cereal or root crop, as is shown in Table 80 
on p. sfis* P- W. Wilson® calculates that for a crop fixing 1 lb. of 
nitrogen per acre per day in summer, nodular respiration should 
amount to 3-3 gm. per sq. m. per day of carboi/ dioxide, a figure 
that should be compared with the normal rates of soil respiration given 
in Table 80. Bond® also showed that if soil aeration is reduced, the 
growth of soybeans given nitrates or ammonia is not much affected, 
but it is definitely reduced if they are nodulated plants receiving no 
I nitrogen fertiliser. 

Nodules are more efficient fixers of nitrogen than the non-symbiotic 
)acteria, for nodules fix i gm. of nitrogen for every 15-20 gm. of carbo- 
lydrate oxidised, whereas the non-symbiotic bacteria use about 2| 
imes as much carbohydrate. Further fixation in the nodules takes place 
vhen the bacteria are in the resting phase (see p. 336), so all the 
litrogen fixed must be passed into the plant; and this also is quite 
lifTcrent from the non-symbiotic bacteria which only fix nitrogen when 
:hcy are growing, and the nitrogen compounds are initially incorporated 
into their new cells. 

Nodules can be very active fixers^ of nitrogen. A healthy lucerne 
nodule can fix up to lOo milligrams of nitrogen daily per gram of dry 
matter, which corresponds to i -36 times its own nitrogen content, and 
nodules of subterranean clover can fix up to 50 milligrams daily, 
though for each crop the average fixation per unit of dry matter in the 

‘H. C. Trumble and H. M. Ferres, J. Aust. Inst. Agfric. Sci., 1946, 12, 32. 

' ■Vc, for example, A. J. Anderson, Aust. J. Counc. Sci. Ind. Res., 1946, 19, l. 

‘ for the margin between optimum molybdenum contents for nitrogen fixation and the 
i®'ninium for teartness, see H. L. Jensen, Proc. Linn. Soe. M.S.W., 1946, 70, Q03. 

Bot., 1^1, 5, 313. 

II I hi' liiochemiitry of Symbiotic Nitrogen Fixation, Madison, 1940. 

dm. Bot., 1950, 15, 95. For the corresponding work with red clover, see T. P. Ferguson. 
pM G. Bond, Arm. Bot., 1954, 18, 385. 
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nodules is usually about half of these rates. ^ For these rates to be 
possible, the lucerne nodules must contain 10-25 the clover 

4-8 p.p.m. of molybdenum in the dry nodule tissue. 


THE NODULE BACTERIA 

The nodule bacteria are classified in the genus Rhizobium^ though 
they were formerly called Bacillus radicicola. The bacteria are typically 
rod-shaped when grown on suitable media and when actively growing 
in healthy nodules, but they may have a shape like an X, Y, T or club 
if growing in unfavourable conditions in media or in the nodule, 2 and 
they have characteristic banded and branched shapes in the older cells 
of the nodule. They seem to have affinities with Agrobacterium {Achro^ 
mobacter) radiobacter^ a soil bacterium found near the roots of many 
plants and particularly legumes, and with Agrobacterium [Phytomomi^ 
tumifaciens^ a soil bacterium which is often parasitic on plant roots, 
producing swellings and tumours on them.^ 

Nodule bacteria can be grown fairly easily in simple culture media, 
though some speaes need some of the vitamin B group for active 
growth.^ They fall into two fairly well defined groups; those which 
grow rapidly and are large, and those which grow slowly and arc very 
small on these media, the former typically being rhizobia isolated from 
the nodules of temperate legumes, e.g. clovers, lucerne and peas, and! 
the latter from the nodules of tropical legumes.® C. Bonnier and 
J, Seeger® have made the interesting observation that the large fast- 
growing type sometimes accompany the slow growers, but if they are 
isolated and inoculated on to a sterile root of that legume they do not 
form effective nodules. It is not yet known if this very characteristic 
difference in behaviour has any significance inside the nodule. 

Nodule bacteria exist in a number of species or strains which differ! 
in the host plants they can infect, and in their serological reaction 
their resistance to different phages, their production of gum, 
growth rates in standard media, and in other properties; but unfor-j 
tunately there is little detailed correlation between most of the: 
properties, and there are still no generally accepted criteria for c 
fying them into distinct species. 

Some of the nodule bacteria have for practical purposes 
divided into groups according to the host plants they infect. E. B. 


' H. L. Jensen, Proc. Linn. Soc. N.S.W.^ 1947, 7a, 265. 

* C. Bonnier, LN.E.A.C. Sci. Srr.y Publ. 72, 1957. 

* For a discussion of these affinities, sec H. J. Conn, G. E. Wolfe and M. Ford, J* 
* 940 » 39 > 207, and 1942, 44, 353. They put these two groups into a new genus Agrohcten«f^ < 

* For a review, sec E. K. and O. N. Allen, Bad. Rev.y 1950, 14, 273. 

* D. O. Norris, Emp. J. Exp. Agric., 1956, 24, 247. 

* LM.E.A.C. Sci. Ser.f Publ. 76, 1958. 
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iiid liis Wisconsin co-workers^ recognised six so-called cross inoculation 
yfoups based on the assumption that all bacteria in. one group will 
i’nfect all plant species in that group and none outside it. Fred con- 
sidered the bacteria in each group belonged to a different species, and 
them the following names: 

(1) R. meliloti which infect lucerne and sweet clover {Medicago^ 
Melilotus and Trigotiella). 

( 2 ) R- trifolii which infects clovers. 

(3) R- leguminosarum which infects peas and vetch {Pisum^ Lathyrus^ 
Vida and Lens), 

R, lupini which infect lupins and serradella {Lupinus and Ome- 
ihopus). 

(5 i R- japonica which infects soybeans. 

((3) R* phaseoli which infect a few species of Phaseolus^ e.g. P, vulgaris, 
P, coedneus and P. angustifolia. 

It is doubtful if there are any theoretical grounds for accepting this 
issification as it stands, ^ which in any case is confined to crops cul ti- 
led in the temperate regions. It probably has a pertain validity for 
c first three groups, but is probably invalid for the last three; and it 
ol little help in practice because, if a bacterial strain is to have any 
ilcullural value, it must form nodules capable of fixing appreciable 
nounts of nitrogen; and it is probable there is no single strain which 
II form effective nodules on all plant species in any of the first three 
oss-inoculation groups. But it does emphasise that there are bacterial 
rains which will form nodules on many plant species in one of the 
oups and on few if any species in any other group. If one pays 
tent ion to the production of effective nodules, the first two groups are 
10 large and should be broken down to several sub-groups, in each of 
hich a bacterial strain may be able to form effective nodules on all 
lanls in the sub-group but on none in the other sub-groups. Thus 
usiralian experience has shown that the species of Trifolium can be 
ivided into three sub-groups,^ namely 

(1) T, repens, pratense, hybridum, prommbens, diXidfragiferum, 

( 2 ) 7*. subterraneum, incarnatum, glomeratum and alexandrinum, 

(3) T, ambiguum, 

ind experience in Kenya is that the indigenous clovers of the African 
equatorial highland areas, such as T, semipilosum (which corresponds 

Xudule Bacteria and Leguminous Plants, Ma<Uson, 1932. 

foi example, J. K. Wilson, J, Amer. Soc. Agron,, 1939, 31, 159, 934; Cornell Agric, 
.S/£7., Menu 221, 1939, and Soil Sci,, 1944, 58, 61. 

^^>i>example, J. M. Vincent, Proc, Linn, Soc, X.S, IV., 1 954, 79, 4, who also breaks down 
f Melilotus group into three sub-groups, sj.)ccics from each genus occurring in 

01 Llicni. 
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to T. repens of the temperate regions) and T. ruppelianum (which corre. 
spends to T. pratense) have their own group of bacteria and cannot be 
effectively nodulated, and probably not nodulated at all, by any strain 
which nodulates the first two sub-groups. 

A much clearer understanding of the relationship between bacterial 
strain and plant species can be obtained by studying it in the tropics 
where there is a very wide range of indigenous leguminous plants! 
There is no good evidence for the existence of any cross-inoculation 
groups amongst this vast collection of species. What has been found is 
that amongst many of the cultivated and semi-cultivated tropical and 
sub-tropical legumes, the ability of different bacterial strains to form 
effective nodules, or any nodules at all varies very widely. Some strains 
can nodulate a wide range of species and genera, whereas others can 
only form nodules on a few species of a single genus. ^ The pattern of 
effectiveness can also vary considerably. Cowpeas, for example, ijan 
be effectively nodulated by a wide range of bacterial strains, whilst 
others, such as Leucaena glauca, have become specialised and can only be 
effectively nodulated by a few strains, which themselves may be 
specialised to a res\ricted range of plants. 

THE FORMATION AND MORPHOLOGY OF NODULES 

This is a subject on which our knowledge is still limited, in spite of a 
vast amount of research which has gone into it, and only a brief account, 
possibly only applicable to the legumes of temperate agriculture, can 
be given here.^ 

Actively growing roots of leguminous plants secrete substances into 
the soil which stimulate the multiplication of nodule bacteria, and 
related species such as Agrobacterium radiobacter, in their rhizosphere.® 
The nodule bacteria, in their turn, produce a substance, probably 
3-indolyl acetic acid,* possibly from tryptophan excreted by the 
legume roots.® This causes a proportion of the root hairs of leguminous, 
but not other plants to curl, and if the nodule bacteria belong to a 
suitable strain, they will enter a proportion of these curled root hairs. 
Again in a proportion — sometimes only a small proportion* — they wil 
grow down through an infection thread and enter certain parenchynw* 
tous cells in the cortex causing them to swell and multiply to form a 

* See, for example, O. N. and E. K. Allen, Soil Sci., 1939, 47 » t>3j and Bot. Gaz -, *®*’j 
1 2 1, and J. C. Burton, Proc» Soil Sci. Soc. Amr., 1952, 16, 356. - 

^ For a detailed discussion, see E. K. and O. N. Allen, Handb. Pflanzenphys.^ 
and P, S. Nutman, Biol. Rev.y 1956, 31, 109. 

* H. Nicol and H. G. Thornton, Proc. Roy. Soc., 1941, 130 B, 32. « ■ 

* K. V. Thiman, Proc. Natl. Acad. Sci. Wash., 1936, 22, 511; Trans. 3rd Comm. hit. • 5 »'| 
Soil Sci., New Brunswick, A 1939, 114; and H. K. Chen, Nature, 1938, 142, 753 - * 

^ A. D. Rovira, Plant and Soil, 1956, 7, 178. 

* E. McCoy, Proc. Roy. Soc., 1932, 1x0 B, 514. 
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lodule. These cells are surrounded by vascular tissue which is joined 
0 the central stele of the root. 

The roots only secrete their characteristic substance when the plant 
is in certain stages of development. Thus for lucerne it is only after the 
Srst true leaf has opened,^ but the actual stage may be hereditarily 
determined, as for clover.® 

The primary infection of the seedling clover root takes place some 
time before the nodules are visible, and generally some time after a 
large population of nodule bacteria has been built up in the rhizosphere. 
In some leguminous species, and with some strains, the number of 
primary infections corresponds closely to the number of nodules formed,® 
whereas in others there is a large excess of root hair infections which 
do not develop into nodules. In this case the initially infected root 
hairs tend to occur at widely separated points along the root, and later 
infections form at first near these points and then more generally along 
the root. At this period the number of infected root hairs is then in- 
creasing exponentially with time, but as soon as the first nodule appears 
the rate of infection drops off very rapidly. Thus nodules reduce the 
rate of formation of new nodules; and the larger ^e nodule, the larger 
is the area of un-nodulated root, and hence the fe\Ver nodules on a root 
system of a given extent. For a given variety of subterranean clover, 
for example, different strains of bacteria give widely different numbers 
of nodules on its root system, but the nodule volume is relatively con- 
stant. If these nodules are removed, new ones will begin forming, if 
the soil and plant conditions are suitable.* , 

If a root ceases to grow actively, further infection also ceases; and 
for many plants infection only takes place for a relatively short period 
of growth, sometimes only 2-3 weeks, and this particularly applies to 
annuals which tend to grow their principal superficial root system 
feirly early on in their life. For perennial crops, such as some white 
clovers, new nodules are forming throughout most of the growing 
season. These nodules are sometimes annual growths shed every 
autumn, but this is not invariable for some trees and shrubs keep their 
nodules for a number of years, the podule usually growing for a period 
in each year.® 

This description of the nodule starting by infection of a root hair is 
true for most of the cultivated crops that have been examined, but it is 
uncertain if it is generally true for all legumes. Thus O. N. and E. K. 

' H. G. Thornton, Proc. Roy. Soc., 1929, XO4 B, 481. 

^ S, Nutman, Ann. Bol., 1953, 17, 95- 
‘ H- 1 '. Purchase, AuU. J. Biol. Sci., 1958, ll, 155. 

* I'lii-, account is taken from P. S. Nutman, J^utrition of Legumes, ed. E. G. Hallsworth, 
t-'miloii'iijrjB. 

‘for some references and illustrations of this, see E. K. Allen, K. F. Gregory and O. N. 
A"cn, Canad. J. Bol., 1955, 33, 139. 
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Allen^ consider that infection in the groundnut takes place at root 
axils, possibly through splits in the cortical cells due to the emergence 
of the new rootlet. 

The mature nodule consists of a cap of uninfected cortical cells, be- 
hind which is a region of rapidly dividing uninfected cells, and behind 
these are the much larger cells filled with rhizobial bacteria. The 
recently infected cells contain rods and coccoid forms, whereas the 
older larger cells contain tlie banded and branched “bacteroids”, as 
illustrated in Plate XV. It is the bacteria in these resting stages that 
are the ones active in nitrogen fixation and it is the cells containing 
them that contain haemoglobin. As the nodule ages the cells lose their 
haemoglobin, become brown in colour and a large vacuole appears in 
each, crowding the bacteria and the cell contents into a dense mass 
around the periphery of the cell wall, and finally the bacteria digest 
the remaining cell contents and attack the cell wall — the nodule bi> 
comes necrotic and sloughs olf, and the bacteria are released into thp 
soil. The period of maximum development and haemoglobin content 
in the nodules of annual legumes is probably normally just before 
flowering.^ V 

This description of infection and nodule formation only applies if 
the bacterial strain can form an effective or fully healthy nodule. But 
this process can fail to be completed for a number of reasons, and since 
these have been studied in more detail with red clover than with other 
legumes, the various causes of failure will be described for this species.^ 

Tbp establishment of an effective symbiosis in clover can be blocked 
by incompatability at any of the following stages of development : 

(1) At the primary infection of the root hair. 

(2) In the growth of the infection thread. 

(3) In the release of the bacteria from the infection thread. 

(4) In their multiplication within the cytoplasm of the host celL . 

(5) In bacteroid formation. 

(6) In bacteroid persistence. 

(7) In the functioning of the bactcroids. 

#« 

In some of these, the cause has been traced to a bacterial defect, in 
others to a hereditary defect in the host plant, and in still others it 
involves a specific interaction between the bacteria and the host plant. 

The lack of bacteroid persistence appears to be the commonest 
cause of the nodules being ineffective. Nodules which are ineffective 
for lliis reason differ from effective ones in that they are very much 

^ Bot, Gaz-y 1940, 102, 121. 

* D. C. Jordan and E, H. Garrard, Canad, J. *9. 3^0. * u / 

»F. J. Bcrgeiiscn, Amt, J. Biol. Sci., 1957, 10, 233', and P. S. Nutman, Soc. Exp, BiOt> 
Symp., 1959. 




Plate XIV 



A very young nodule on a lucerne rootlet seen by transmitted light. 
The dark lines across the centre of the rootlet are the vascular 
bundles (x250) 

(p, 328) 
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mailer, often short lived and, although they are typically far more 
Luinerous than effective ones on the roots, yet the total volume of 
lacteroid, or red nodular, tissue per plant is very much smaller. How- 
,ycr, the rate of nitrogen fixation per unit volume of red tissue appears 
0 be about the same for this type of ineffective nodule as for an effective 
Plate XVI illustrates white clover roots carrying these two types. 
Other types of ineffective nodules which can occur in the field have 
lOt been fully studied. In equatorial Africa, lucerne at Muguga 
Kenya) and groundnuts at Yangambi (Belgian Congo) sometimes have 
sellings on their roots which look like nodules, but their colour is 
vhite or pale green, and they appear to be a proliferation of cortical 
jiircnchyma without the cellular differentiation of the normal nodule.® 
The process of infection and nodule formation can be disturbed if 
be nitrate or ammonium concentration around the plant roots is too 
A high nitrate concentration reduces the proportion of root hairs 
that can be infected, though this reduction can in part be counteracted 
by adding a suitable quantity of glucose to the solution.® Nitrate not 
only reduces the number of nodules, it also decreases their volume. 
The volume can, in fact, be halved by a concc?itration of nitrate 
insufficient to affect the number of nodules.* 

A legume root can carry nodules formed by several bacterial strains 
though each nodule usually only contains one bacterial strain, at least 
for the temperate legumes. The root can normally only carry a limited 
number of nodules per unit length; hence, if root growth ceases fairly 
early in the season, as it may do with peas for example, the root syjtem 
can become saturated with nodules, and once this has happened no 
furllicr bacteria of any other strain can produce additional nodules on 
tc root. Root saturation will not be shown by plants such as clovers 
hose root system continues to develop through much of the growing 
on. 

The number of nodules produced on unit length of root depends on 
he bacterial strain, the genetic constitution of the plant and the density 
plant roots in the soil. P. S. Nutman® has shown that clovers possess 
veral genes which determine the number of nodules a given bacterial 
train can produce and the period in the growth of the plant when they 
e produced; and he also found that clovers selected for abundant 
lodulation produce a larger number of lateral roots than those selected 
or sparse nodulation, whether or not the plants were nodulated. He® 

JH. K, Chen and H. G. Thornton, Proc. Ray. Sac., 1940, 129 B, ao8. 

' (-!. liomiier, LK.E.A.C. Set. Ser., Publ. 72, 1957. 

(j, Thornton, Proc. Roy. Soc., 1930, I19 B, 474. 

Ci. 'rhomton and H. Nicol, J. Agric. Sci, 193d, 26, 173. 

h. K'utman, Ann. Rot., 1948, 12, 81, and 1949, 13, 261; Heredity, 1949, 3, 263; Proc. 

195a, lyo B, 176. 

Bat., 1953, 17, 95, and 1952, 16, 79, and E. R. Turner, Atm. Bot., 1955, 19, 149. 
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abo showed that the number of nodules produced on a root of clover 0 
lucerne is greater on plants grown singly than in pairs or larger groups 
and that this depressing effect of high root density could be reduced i 
charcoal were added to the rooting medium. When this charcoal wa 
extracted with suitable organic solvents it was found that it had ab 
sorbed substances secreted by these roots which when added to thi 
rooting medium sometimes depressed but sometimes stimulatec 
nodulation. 

The full significance of the role of charcoal around the roots 01 
nodulation is not yet known. J. T. Vantsis and G. Bond^ earlier notec 
that j -2 per cent of activated charcoal added to sand cropped to pea 
increased the efficiency of nitrogen fixation, though in this example th( 
number of nodules was diminished though their size was increasqd 
They also obtained evidence that several substances were being ex' 
creted, for if animal charcoal was used the growth of the peas wii; 
depressed. Nor is this effect confined to the laboratory, for A. J 
Anderson and D. Spencer® in Australia, and C. Bonnier® in the Belgian 
Congo have both noted that clovers in one case, and Puereria javanica in 
the other, were miKh better nodulated, and the plants were strongci 
with a darker green colour where wood charcoal was present in the 
soil; and Bonnier also noted that charcoal was not necessary, for where 
the roots grew through rotten wood, there also were they w’ell nodulated. 

Under some conditions, some of the soil micro-organisms appear tc 
excrete substances into the soil which prevent both the rhizobia and 
the jrhizosphere bacteria from multiplying on the surface of legume 
roots, and this toxic principle can be de-activated by heat and is 
probably absorbed on the charcoal.^ If this observation is correct, 
may well supply part of the explanation of this beneficial effect 
charcoal. 

Bentonite or fuller’s earth in the rooting medium also can have the 
same stimulating effect on nodulation and growth, but the clay close 
to the root changes colour, going blue-green close to a red clover root, 
faint orange near a lucerne, and orange or brown near a vetch. This 
colour change is not confined to leguminous roots, for flax roots' 
coloured the’ bentonite saffron yellow; nor is it confined to nodulatedj 
red clover plants, for un-nodulated but non-inoculated plants also 
produce it; nor do all inoculated red clover plants produce it. The 
colour developed depends on the pH, but it is not teown what the 
compounds responsible for these colours are.® 

Nodules already present on the roots of clover can affect the numberj 

^ Ann. Appl. Biol., 1950, 37, 159. « 7. Ausl. Imt. Aerie. Set., 1948, 14 . 39 ' 

^ I.N.E.A.C, Sci. Ser.^ Publ. 72, 1957. * 

J F. W. Hely, F. J, Bergensen and J. Brockwell, Aust. J. Agric, 1957, 8, 24* 

P . S, Nutman, Ncturet 1951, 167, 28B, and E. R. Turner, J. Soil Sci, 1955 > 3 *^’ 
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of new nodules produced. Roots infected by ineffective strains of 
bacteria carry far more but much smaller nodules than those infected 
by effective strains. Initially nodulation is as rapid with either strain, 
but the effective nodules inhibit further nodulation as soon as nodule 
growth is properly started.^ 

rllK LONGEVITY OF NODULES 

The amount of nitrogen fixed by a leguminous crop depends very 
largely on the longevity of the nodules on its roots. Four factors affect 
longevity: the physiological condition of the plant, the moisture content 
of the soil, parasites in the nodule, and the strain of bacteria forming 
the nodule. 

1 he longevity of a nodule depends on the physiological condition of 
the plant. The nodules of annual plants tend to die at flowering and 
seed set, presumably because at this time the flowers and developing 
seeds are drawing on the carbohydrate reserves of the plant very 
heavily, and the young seeds may also be drawing on the nitrogen 
compounds in the nodules.^ Again the cutting or hard grazing of 
clovers, for example, may cause the death of the \iodules, presumably 
because the carbohydrate supply to the nodules is interrupted. Some 
perennial legumes shed their nodules during winter, when they cease 
to make any growth but this may be of more importance in winters 
which are long and cold and all plant growth ceases completely, and 
be less noticeable in years of mild winters. 

Nodules only seem to remain on the roots of many leguminous crops 
if the soil is kept moist, and the first effect of the onset of drought is for 
the crop to shed its nodules; though unfortunately no systematic work 
has been done on the moisture deficit in the plant, or the suction of 
tlie water in the soil, at which shedding is severe. This effect is very 
noticeable on exotic legumes in parts of Africa, for even quite moderate 
breaks in the rains can cause the nodules of exotic legumes to be shed. 

Nodules can also be short-lived through being parasitised by the 
larvae of insects. Thus E. G. Mulder® in Holland, and G. B. Masefield^ 
in Great Britain, found that the nodules of pea and field bean crops can 
be heavily attacked by the larvae of the pea weevil Sitona lineata. 

the relation BETWEEN RHIZOBIA IN THE SOIL AND 
modulation: soil inoculation 
'Tim relation is quite straightforward if the soil only contains rhizobial 
strains all of which form effective nodules on the roots of the legume 
^ S. Nuiman, Ann, Bot, 1949, 13, 261, and 1952, 16, 79. 

“ ^ee5. S. Pate {Amt, J, Biol, Sci,, 1958, n, 366, 496) for a description of this on the roots 
field peas and field vetch. 

and Soil, 1948, x, 179. • Etnp, J, Enp, Agric., 195a, ao, 175. 
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considered; in such cases no problems of getting good nodulation arise. 
This typically happens with white clover in good British pastures, and 
doubtless also for the indigenous annual leguminous crops such as 
vetches, peas, beans and red clover. But when this does not happen, 
one of three problems may arise in agricultural practice: 

(1) the soil may contain no bacteria which can form nodules on the 
legume, 

(2) the soil only contains bacteria which form ineffective nodules 
on the legume, 

(3) the soil contains a mixture of bacteria, some forming effective 
and some ineffective nodules, 

and in each case it is desired to grow a leguminous crop which will 
carry as large a number as possible of effective nodules. 

The first problem arose in England in the early^ 1920s when an 
attempt was made to increase the area under lucerr^ in the Eastern 
Counties, and it was known that lucerne was only naturally nodulated 
on a few soils on which it had frequently been grown in the past. 
Similar problems ar6se at about the same time in Western Europe and 
America, and an intensive study was made on the problem of inoculat- 
ing soils with suitable strains of bacteria. It was found that this could 
be done most effectively by inoculating the seed at sowing time, which 
is done by mixing the seed with a suspension of the correct bacteria 
just before the seed was sown. It was also found worth while adding a 
little phosphate and sometimes skimmed milk to the suspension, as 
this probably encouraged a high proportion of the bacteria to develop 
flagellae, and so become motile, about the time the young roots could 
be infected.^ This technique is now used very widely in temperate 
agriculture; but in the tropics it may be preferable to absorb the 
bacteria on peat, or on a suitable grade of vermiculite, and mix this 
with the seed before sowing. ^ 

The choice of bacterial strain for inoculation is not quite straight- 
forward, for several strains can be equally effective when tested under 
laboratory conditions, but can differ greatly in performance in the 
field for two reasons. In the first place the relative effectiveness of a 
group of strains in the field may depend on the level of soil fertility; 
but since, on the whole, the differences are greater the poorer the soil, 
this is a problem more in subsistence than high farming regions.^ In 
the second place, strains can differ greatly in their ability to infect roots. 
This is a different property from their ability to form effective noduhs: 

^ 11 . G. Thornton and N. (iank»ulce, Proc. Roy. Soc., 99 B, ^27. 

“ C. Bonnier, LN.E.A.C. Sci. Srr., Publ. 72, 1957, and 7b, • 

*D. L. Lynch and O. H. Sears, Proc. Soil Sci. Soc. Aitier., 1949, 14. tG8, and 193-^ ^ 5 ' 
1 76 (for Bird’s-foot trefoil) and see also O. N. Allen and I. L. Baldwin, Soil Sci., 1954, 28, 4* 3 * 
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5t is their ability to multiply just outside the young growing root and 
so to give a heavy infection when the root is ready. ^ This is of relatively 
little importance in pure culture work in the laboratory, either because 
enough bacteria are usually added to ensure infection, or because there 
are no other soil or rhizosphere micro-organisms to produce toxic 
substances inhibiting their multiplication (p. 338). Thus J. M. Vincent^ 
compared the effect of inoculating subterranean and crimson clover in 
nine field trials with five strains which were all equally effective in the 
laboratory, and found that one strain gave nodules on 42 per cent of 
the young plants and another one on only 9 per cent, with corresponding 
effects on the dry matter yields; but the relative order of the strains, 
as measured by the proportion of clover plants nodulated depended 
somewhat on the soil type. 

Nodule bacteria, once established in a temperate soil, can live there 
many years without any host legume being grown. Indigenous strains 
seem to be very long-lived, and introduced strains can probably live 
lor at least ten years in the field. ^ They therefore apparently form the 
exception to the rule that introduced species of soil-inhabiting bacteria 
cannot compete with the indigenous soil inhabitants unless the soil 
conditions are altered in their favour. This happens whilst the legumin- 
ous plant is growing, but the introduced bacteria continue to exist 
along with the indigenous population for many years after the legu- 
minous plants have ceased to be present. In tropical soils, introduced 
strains for exotic legumes may be very short-lived. Thus at Muguga, 
Kenya, lucerne bacteria appear to live only for a very short time in 
the soil, even if the land is in lucerne, for reasons that are not yet 
known. 

The second problem, that of soils predominantly containing bacteria 
which form ineffective nodules, occurs both in parts of Great Britain 
and of the Tropics. Some of the hill lands of Great Britain which are 
in poor to very poor pasture, contain a few white clover plants carrying 
nodules formed by ineffective strains of bacteria.^ M. P. Read® showed 
that if such poor grazings were ploughed out, and the land properly 
fertilised and sown to white clover which was inoculated with an 
eifective strain of bacteria, the roots of the young clover plants were 
very well nodulated. Unfortunately these experiments did not contain 
a control treatment where the soil was properly fertilised but the clover 
was not inoculated with an effective strain, for the general experience 
in the hill lands of Great Britain has been that if the land is given a 

^ H. Nicol and H. G. Thornton, Proc, Roy, Soc.^ 1941, 130 B, 3a. 

'^ 7 th*lnt, Grassland Congr. (N.Z.), 1956. 

' A. L. Whiting, J. Amer, Soc, Agrou,^ 1925, 17, 474. 

* H. G. Thornton, Sci, Progress, 1954, 49, 185, and K. J. Baird, Nature, 1051, i68, 116. 

^ J. Geiu Microbiol., 1953, 9, i. 
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good dressing of basic slag, and if necessary drained, and white clover 
sown, it grows very well and is well nodulated without any inoculation. 

The problem in the Tropics arises when typical tropical crops, such 
as groundnuts, are grown, which can be infected by a large number of 
strains adapted to many other plants. C. Bonnier^ found in the Belgian 
Congo that groundnuts typically carry a rather sparse and erratic 
nodulation early in the season which becomes more abundant later 
on, but they vary in effectiveness and have not the time to make a 
really useful contribution to the crop before it is harvested. Inoculation 
with a suitable strain of bacteria will allow these plants to nodulate 
much earlier and carry effective nodules, so increasing considerably 
the amount of nitrogen fixed, and consequently the crop yield. 

The third group of problems, when the soil contains both effective 
and ineflective strains of bacteria, has not yet become of agricultural 
importance, and if it does, the simplest way of increaifing the proportion 
of effective nodules on the plants will probably be by raising the 
fertility of the soil, or the standard of farming, and it is really the posi- 
tion that occurs when a soil containing ineffective strains is inoculated 
with an effective one. But this condition occurs naturally amongst 
wild legumes and possibly amongst some indigenous tropical legumes, 
as has already been mentioned, and can be of importance if one is 
trying to isolate effective strains of bacteria from nodulated plants. 
Thus J. T. MacConnell and G. Bond^ found, in the neighbourhood of 
Glasgow, that nearly half the Rhizobia isolated from the nodules of 
wild plants of black medick {Medicago lupulina)^ formed ineffective 
nodules, in the sense that these nodules fixed no appreciable amount 
of nitrogen, whilst all the Rhizobia isolated from gorse {Ulex europaeus) 
growing wild gave effective nodules. 

Bacteriophages of Rhizobia: Clover and Lucerne Sickness of Land 

Nodule bacteria, when living in the soil, can be attacked by several 
strains of bacteriophage, but the individual phage strain can only 
attack its own characteristic group of nodule bacteria which often 
consists of bacterial strains from more than one of the Wisconsin cross- 
inoculation groups.® The typical method of attack is that the phag'" 
lyses most members of the susceptible bacteria, but usually a few are 
left unlysed^ which produce a secondary growth of bacteria resistant 
to the particular phage if the cultures are kept long enough. They may 
show other differences from the original strain, sometimes being con- 
verted from an ineffective mutant back to the original effective strain. 

LN.E, A, C. Sci. Ser,f Publ, 72, 1957, and 76, 1958, ^ Ann. Bot., 1957, 2X, *^ 15 - 

• For a review of this subject, sec E. K. and O. N. Allen, Bact. Rev.^ I 4 > 273- 

*J. Kleczkowska, J. Bacty 1945, 50, 71, 81; 1946, 52, 25. 



WEIGHT OF NODULES PER PLANT 


343 

These phages have been assumed to be a cause of clover and lucerne 
sickness^ in soils, but there is little positive evidence for this assumption; 
indeed, J. Kleczkowska found that pea-bacteria phages occur in soils 
giving no sign of pea sickness, and also that the unknown cause of 
clover sickness can be removed much more easily than phages from 
soils. 

The Amount of Nitrogen Fixed by Leguminous crops in the Field 

The amount of nitrogen fixed per acre by a leguminous crop depends 
on the number of nodules per acre, their size and longevity, and the 
bacterial strains in them. In turn it also depends on the conditions of 
growth and management of the crop, and in particular on the avail- 
ability of water and the nutrient status of the soil. Little is known 
about the effect of drought on the rate of fixation of nitrogen by a 
leguminous crop, except that the nodules are shed from the roots of 
many legumes shortly after the onset of a drought, and this effect is 
particularly marked for a number of leguminous crops grown in 
tropical and sub-tropical regions. * 

The rate of nitrogen fixation should be dependent on the total 
volume of active nodule tissue the crop is carrying, but very few field 
observations have been made on this. G. B. Masefield® has begun some 
studies on the weights of nodules carried by some crops both in tem- 
perate and tropical regions, though he worked on the weight of nodules 
per plant rather than per acre. On the whole British crops tend to have 
a higher weight of nodules per plant than tropical crops, possibly be- 
cause of the lower soil temperatures and higher soil moistures. Thus 
broad beans {Vida faba) and dwarf beans {Phaseolus vulgaris) in 
England were found to carry 4-5 gm. nodules per plant, whilst ground- 
nuts in West Africa had between 1-5 and 3 gm., soybeans in Malaya up 
to 3-3, and cowpeas up to 4 gm.; and plants having these weights of 
nodules typically have between 100 and 1,000 nodules, so the in- 
dividual nodules vary between i and 40 mgm. in weight. Some plants 
such as lupins in Kenya can have nodules weighing very much more 
than these, but they will have very few per plant and probably they 
are relatively inefficient per gram of nodule, as they usually show a 
large volume that is only pale pink in colour. 

Nitrogen fixation can only go on actively if the crop is healthy and 
the nutrient supply adequate. A good supply of calcium or magnesium, 
potassium, phosphate, sulphate, borate and molybdate is probably 
essential, but the leguminous crops differ considerably in their require- 
ments for these nutrients. In addition, an adequate ammonium or 

^A. Demolon and A. Dunez, C.R., 1933, 197, 1344; J934. *99. *257; Agrm., 1935, 
S. tig. » Emp. J. Exp. Agric., 195a, ao, 175; *955. *3. *7; a**d *957. * 5 . *39- 
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nitrate supply is necessary for rapid establishment of the crop from seed, 
particularly if the seed is small, and if a leguminous crop is to be sown 
on w^orn-out land it is nearly always desirable to give an initial dressing 
of a nitrogen fertiliser to help it get established. 

Whilst a high level of soil nitrates may depress the amount of nitrogen 
fixed by crops such as clovers and lucerne, it may be essential for high 
yields of crops such as soybeans and groundnuts. Some results obtained 
by A. H. Bunting on the black cotton soil of the Rainlands Research 
Station, Sudan, illustrate this very clearly. Table 74 shows that ground- 
nuts responded to 0*4 cwt. of N, in this particular year very profitably, 
but sorghum only responded to o*2 cwt. N and sesame did not respond 
at all, P. H. Le Mare^ has also shown that groupdnuts responded to 
nitrogen at Kongw^a and Nachingwea in Tanganyika, although oddly 
enough not on the nitrogen-deficient soil of Ura^bo. Unfortunately 
no observations were taken on the nodulation, or ^of the effectiveness 
of the nodules, on these crops. 

TABLE 74 

Response of Groundnuts, Sorghum and Sesame to Nitrogen, 
Rainlands Research Station, Sudan, 1 954-5 

Yields: grain or seed in cwt, per acre 
Nitrogen given as Ammonium Nitrate 



The reasons for this response to nitrogen have not been worked out, 
but in the examples quoted for groundnuts, it may have been due to 
poor nodule development because of droughts. But it could also be due 
to an effect of bright sunlight, for E. B. Fred^ at Wisconsin has shown 
that the amount of nitrogen fixed by soybean plants growing in pots 
and exposed to bright sunlight increased as the amount of nitrogen 
fertiliser added to the pots was increased, yet if the plants started in the 
shade until well established, and then transferred to the sun, even in 
the absence of added nitrogen, the plants were fixing nitrogen very 
actively. This is illustrated in Table 75. It is possible, however, that 

1 Emp, J. Exp. Agric.y 1959, 27, 197. 

* E. B. Fred, Proc. Nall. Acad. Sci. Wash., 1938, 24. 46. 
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f red misinterpreted the results of this experiment, and that it is more 
correctly interpreted as showing the depressing effect of a high soil 
temperature on nodule fixation. Thus D. R. Meyer and A. J, Anderson^ 
showed that the nodules of subterranean clover fixed nitrogen actively 
at 20 ° C. and at its maximum rate at 25° C. but hardly at all at 30° C., 
and they give reasons for assuming this effect is not due to carbohydrate 
starvation in the nodule. And this observation may in part explain 
the common observation that a mulch applied to the surface of the soil 
around a legume increases its nodulation, although this is certainly 
sometimes due to the higher soil moisture content under the mulch. 
J. C. Lyons and E. B. Earley* also found that in a hot dry season in 
Illinois, nitrogen fertiliser increased the yields of soybeans, but it had 
little effect in a cool moist one, though this was probably due to the 
much poorer nodulation in the former than the latter seasons. 

TABLE 75 

Effect of Nitrogen Supply and Shade on Nitrogen Fixation by 
Soybeans at Madison, Wisconsin 

5-8 plants per pot. Sown, 1/7/37. Harvested, 30/8/37 
Nitrogen added or pots put in shade, 28/7/37 


Nitrogen added 
per pot as 
Ca(N 03)2 mgm. 

Where pot kept 

Dry matter in 
plants, gm. 

Per cent 
nitrogen in 
dry matter 

Nitrogen fixed, 
mgm. 

0 

in sun 

4-2 

mBM 

2-6 

5 


20-7 


35-6 

10 


28-5 


43-7 

25 


30-8 

1-45 

63-3 

50 


37-7 

1-72 

67-7 

0 

0 

in shade 
in shade till 

8-9 

2-20 

25-6 


9-8-37 
then in sun 

i 

18-7 

1-98 

547 


The actual amounts of nitrogen fixed by leguminous crops in the 
field is difficult to estimate, because of the difficulty of determining 
accurately the nitrogen content of a soil on the one hand, and the 
amount of denitrification taking place during the growing season. 
Some typical figures have been given by T. L. Lyon and J. A. Bizzcll® 
at Cornell. They found that two courses of a rotation consisting of 
one-yaar clover cut for hay, and four years’ grain crops added 200 to 

1959 , 183 ^ 61 . Proc. Soil Set. Soc. Amer.y i952i 
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300 lb. of nitrogen per acre to the soil and 300 to 400 lb. to the harvested 
crops, compared with a similar rotation in which timothy grass re- 
placed the clovers, indicating that each clover crop had fixed between 
250 and 350 lb. of nitrogen per acre, and this is comparable with the 
amount of nitrogen other workers have found a good crop of lucerne 
can fix in a year.^ Soybeans, field beans (Vtcia faba) and peas harvested 
for grain on the other hand, depleted the soil of nitrogen as much as 
ordinary cereal crops: they fixed between 100 and 200 lb. of nitrogen, 
but it all appeared in the harvested material. Table 76 gives some of 
their results for five courses of a two-year rotation of legume-cereal, 2 
the cereal being either rye or barley, and it shows that the yield of the 
following cereal crop largely depends on the amount of nitrogen the 
legume adds to the soil. 


TABLE 76 

1 

Amount of Nitrogen Fixed by Leguminous Crops, pnd their Influence 
on a following Cereal Crop 

Mean of two experiments, each five courses of legume-cereal (rye or barley) rotation 



Nitrogen harvested in 

Gain or loss 
of nitrogen 
in the soil 
per rotation 
lb. per acre 

Total 
nitrogen 
fixed by 
legume 
lb. per acre 

Yield of 
cereal grain 
cwt, per acre 

Leguminous 
crop lb. 
per acre 

Cereal 
crop lb. 
per acre 

Lucerhe 

299 

66 

122 


23-2 

Clover 

125 

51 

115 

260 

19-4 

Sweet clover 

170 

51 

84 

270 

18-9 

Soybeans . 

176 

29 

-8 

160 

11-8 

Field beans 

103 

25 

-20 

70 


Cereal every year 

— 

22 

-10 

— 

8-7 


These results show in the first place that leguminous crops fix very 
varying amounts of nitrogen, in this particular experiment, from 
about 70 to 450 lb. per acre, and even the figure of 70 lb. per acre is 
probably high for some crops, for A. G. Norman® found that soybeans 
growing on Iowan prairie soils and giving good yields, often fixed no 
more than 20 to 25 lb. of nitrogen. The second result established by 
these experiments is that because a leguminous crop fixes nitrogen it 
need not enrich the soil in nitrogen. There is a general tendency for 
leguminous crops grown for their seed — peas, field beans, soybeans and 

^ See, for example, R. C. Collison, H. G. Beattie and J. D. Harlan, Mew Turk Agrir . Expi- 
Sta.f Tech, Bull. 212, 1933; E. S. Hopkins and A. Leahey, Canada Dept. Agric., Publ. /Or, 1944 - 
• T. L, Lyon, Cornell Agric. Expt. Sta.^ Bull. 645, 1936. 








ENRICHMENT OF TROPICAL SOILS 


347 


groundnuts — to reduce the nitrogen content of the soil, and legumes 
grown for their leaf— clovers, sweet clovers and lucerne — to increase 
the nitrogen content, though they do not necessarily, ^ Naturally if the 
large-seeded legumes are grown as a green manure and ploughed in, 
all the nitrogen they fix is returned to the soil. However, there may be 
exception to this rule, for the statement is continually being made in 
farming journals and text-books that field beans grown for seed enrich 
the soil in nitrogen, a statement that is discussed in more detail on 
p. 541 - 

Little is known about the amount of nitrogen tropical and sub- 
tropical crops fix, and it is probable that in general all that nitrogen is 
transferred to the tops and seed, for there is no good evidence that they 
increase the nitrogen content of the soil any more than non-leguminous 
crops. Most of the field experiments the author has seen both in the 
wetter regions of West Africa as well as in the drier regions of West 
and East Africa do not indicate that resting land under a leguminous 
crop raises its fertility, as judged by the yields of succeeding un- 
fertilised crops, any more than under some grasses or some non- 
leguminous bush fallows; although unfortunately none of these 
experiments is really satisfactory as the experiments were usually begun 
before enough was known to ensure all the crops could be grown 
successfully. However, G. H. Gethin Jones® showed that if land was 
rested under Glycine javanica, a creeping cover crop, which was allowed 
to cover the land but was not harvested in any way, the nitrogen content 
of the surface soil increased under the litter and green crop at » rate 
of i6o lb, per acre annually for the first five years and at about 
100 lb. per acre annually for the next. This experiment was made 
on the deep Kikuyu Red Loam outside Nairobi, Kenya, and nothing 
is known of the rate at w'hich humus will accumulate under grass or 
natural vegetation in this area. E. R. Orchard and G. D. Darby also 
found that under wattle {Acacia mollissirna) plantations in Natal, the 
nitrogen in the topsoil (o-g inches) could increase at a mean annual 
rate of i8o lb, per acre over a 30-year period, if the soil started low in 
nitrogen,® and this was in a strongly weathered and leached soil of 
4 8, This rate of build-up is comparable to that found under a good 
clover or lucerne crop growing in a fertile soil in the temperate regions. 

The processes by which leguminous crops add organic nitrogen 
compounds to the soil are difficult to study in detail. On the whole 
crops which have a very extensive root system, particularly a system 
continually sending out new roots which can later carry nodules, appear 


' t or jfh example from Utah where the nitrogen content of land under lucerne for l6 years 
ttmaiurd about the same, see J. E. Greaves and L. VV. Jones, Soil ScL, i 950 > ® 9 > 

: li- Afric. Agric. J., 1942, 8, 48. 
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to leave more nitrogen behind in the soil than those with a restricted 
root system, particularly when nearly all the nodules are formed during 
a relatively short part of the growing season. Clovers and lucerne in 
the temperate regions, for example, may add between 150 and 200 lb. 
of nitrogen per acre per year to the soil, and they are making new 
roots which become nodulated throughout the growing season. Asa 
consequence they can add between 2 and 3 tons of root fibre per acre 
to the soil annually and this can easily contain the 150 to 200 lb. of 
nitrogen they add to the soil. Peas and beans, on the other hand 
have a far smaller root system, so the weight of root fibre is very much 
less, and the nodules are nearly all formed within a few weeks. Further 
very few experiments seem to have been made on /the proportion of the 
nitrogen fixed by a leguminous crop that remaiijis in its root system, 
but in some pot experiments by J. S. Pate^ in Northern Ireland, up to 
90 per cent of the nitrogen in the nodules of peas apd vetches had been 
transferred to the tops before the plant died, a fesult confirmed by 
I. E. Miles^ in Mississippi, who further found that the subtropical 
summer forage legumes — ^velvet beans, lespedeza and kudzu — retained 
20-30 per cent of the nitrogen they fixed in their root system. 

Another factor which affects the amount of nitrogen a legume adds 
to the soil is the rate of mineralisation of the nitrogen in its root residues. 
The roots of annual legumes, such as Korean lespedeza grown as a 
summer crop in areas with moist warm winters may decompose so 
rapidly that all the nitrogen in their roots has been converted into 
nitrates and leached out of the soil by the time the next summer crop 
is planted,® whereas the roots of a perennial crop such as lucerne may 
leave a higher proportion of the nitrogen they contain as soil organic 
nitrogen. 

There is little doubt, however, that leguminous crops can add 
nitrogen to the soils by processes other than the death of their root 
systems. One process, which may only be minor, is the sloughing-off 
of dead nodules from the roots, and this process is probably encouraged 
by the grazing or cutting of the legume.^ This may be an important 
method of transferring nitrogen fo the soil and thence to grasses in 
well-grazed pastures. But in addition to this, there is the probability 
that the nodules actually excrete soluble organic nitrogen compounds, 
possibly the amino acids, aspartic acid and p-alanine.® This excretion 
has been very difficult to prove both in the laboratory and in the field, 

* Aust. J. BioL Sci.f 1958, ii, 366, 496. 

“ Miss. Agric. Expt. Sta., Circ. 126, 1946, 

® P. E. Karrakar, C. E. Bortner and E. N. Fergus, Kentucky Agric. Expt. Sta. Bull. 

* J. K. Wilson, J. Amer. Soc. Agron., 1942, 34, 460. j 

* A. I. Virtanen. For an account of his work on this subject, sec his book Cattle Foddei at 
Human Mitrition, Cambridge, 1938. 
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5Ut it seems to occur when nitrogen fixation is taking place more 
•apidly than carbohydrate synthesis.^ 

Pot experiments, in which the legume and non-legume are grown 
a nitrogen-poor sand, however, can give clear examples of the non- 
legume using nitrogen fixed by the legume, and although the experi- 
ments cannot prove that any of the nitrogen used by the non-legume 
ftras excreted by the legume, this is the simplest explanation of the 
results. Thus H. G. Thornton and H. Nicol* at Rothamsted grew 
lucerne and Italian ryegrass together in sand, and found at the end of 
July, four months after sowing, that the lucerne, which contained 
1^000 mgm. of nitrogen, had apparently transferred 80 mgm. to the 
ryegrass, and a month later, when it contained 1,300 mgm. it had 
transferred 250 mgm. to the grass. They considered it was unlikely any 
appreciable amount of nitrogen had been transferred as a result of the 
death and decomposition of nodules. This result, however, probably 
only holds if the combined crop is grown in a sand or a sand-soil 
mixture low in available nitrogen, and even then one may have to 
choose the leguminous crop carefully. Thus G. Gliemcroth® using oats 
and peas in a nitrogen-poor soil, found nitrogen transfer only took 
place late in the season, and then only if the peas nodulated well 
early on. He considered, therefore, that the transfer of nitrogen was a 
direct consequence of the disintegration of the nodules. 

It is very difficult to determine if and when any transfer of nitrogen 
from a legume to a non-legume occurs in the field, when arable cropping 
is used. Table 77, which gives the result of a field experiment at 
Rothamsted* using a mixture of oats and vetches, shows the typical 


TABLE 77 

Yields and Nitrogen Contents of Different Oats-Yetch Mixtures 
Field experiment at Rothamsted 


Weight of seed 
sown per acre 
in lb. 

Yield of dry matter 
per acre in lb. 

1 Percent nitrogen 
in dry matter 

Yield of nitrogen in lb. 
per acre 

Oats 

Vetches 

Oats 

Vetches 

Total 

Oats 

Vetches 



Total 


- ■ 

4800 

.. ■- 

4800 

mm 


55*0 

— 

55*0 

ISO 

SO 

4100 

1230 

S330 


2*70 

54*5 

33*3 

87*8 

100 

100 

3420 

2060 

S480 


2*72 

44*0 

56*2 

100*2 

HI 

ISO 

2430 

2680 

5110 1 

1-40 

2*86 

34*0 

76*7 

110*7 



200 


3200 

3200 1 

! 

— 

3*06 

— 

98*0 

98*0 


‘ t'oi a discussion, see P. W. Wilson, The Biochemistry of Symbiotic Nitrogen Fixation, Madison, 

[ *'140. 

Sd ., 1934, 24, 2(5g, and see also J. Nowotnowna, ibid., 1937, 27, 503. 

Acker, w. PJlBau,, 1951, 94, loG. ^Rothamsted Ann, Kept,, 1932, 148. 


















THE NITROGEN CYCLE XN THE SOIL 


350 

results that have been found in temperate regions. Mixed cropping 
causes the yield per acre of both the oats and the vetches to be reduced 
though the total yield per acre is increased for certain mixtures. It 
reduces the total uptake of nitrogen by the oats but increases the 
nitrogen content of its dry matter, whilst reducing that in the vetches. 
This result does not prove that no transfer of nitrogen from the legume 
to the cereal takes place, but the simplest explanation is that the 
legume, by fixing its own nitrogen, does not need to draw on the soil 
nitrates, so that as the number of cereal plants is reduced, the nitrate 
supply per plant is increased. Further, the higher the number of cereal 
plants, the more the legume is shaded and hence the amount of nitrogen 
fixed per plant is reduced, although if any excretion of nitrogen did 
take place, shading should encourage it. This prpblem of mixed arable 
cereal-legume cropping is discussed in more detail on pp. 548-9, from 
the agricultural point of view. \ 

The other type of mixed cropping in the field is the grass-clover 
association in pastures or meadows. Here the mbst important agency 
for transfer is the urine of the animals grazing the pasture, but there is 
an important transfer even if the ley is only mown for hay. Tabic 7!!, 
taken from some work of J. Melville and P. D. Sears^ with ryegrass and 
white clover pastures at the Grasslands Stations, Palmerston North, 
New Zealand, illustrates the amount of transfer that can occur both 


TABLE 78 

The Distribution of Clover Nitrogen between Clover and Grass 

Palmerston North. Yield of Nitrogen in lb. per acre 


Age of 
sward 

Mown 

Grazed, urine and dung retuined 

i 

N in 
grass 1 

N in 
clover 

Total 

N 

Percent 
har- 
vested N 
in grass 

N in 
grass 

N in 
clover 

Total 

N 

Percent 
har- 
vested N 
in grass 

First year 

NO 

412 

522 

21 

254 

230 

484 

5! 

Second year . 

136 

387 

523 

26 

276 

312 

588 

47 

Third year 

188 

346 

534 

[ 35 

379 

271 

650 

58 

Grass alone 









without 

about 50 lb. per year 

about 75 lb. per year 

clover 




j 
















when the pasture is mown only and the mowings removed, and wlien 
it is grazed by sheep. This table shows how as the sward on the mown 
area ages, so a greater proportion of the nitrogen fixed by the clover 
appears in the grass, although the total amount of nitrogen harvested 

* J. Sci. Tech. A, 1953, 35, 1, 30. 
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annually remains constant at about 520 lb. per acre. This result, 
therefore, does not support the theory that the clover roots are ex- 
creting soluble nitrogen compounds into the soil, though it does not 
disprove it.*^ The results do, however, show that the clover is fiving 
480 lb. per acre of nitrogen per year, which is harvested in the grass and 
clover leaf, and if, as T. W. Walker^ suggests, as much as 50 per cent of 
what appears in the tops is left behind in the soil as grass and clover 
roots, the white clover must be fixing about 700 lb. of nitrogen per acre 
annually. In the grazed series, with the return of urine, a greater pro- 
portion of the nitrogen fixed by the clover appears in the grass, as the 
urine is an eflTective nitrogen fertiliser. 

These rates of nitrogen fixation by white clover are much higher than 
are usually considered operative in the United Kingdom, possibly be- 
cause white clover grows for nearly every month of the year in New 
Zealand. But some experiments made by W. Holmes and D. S. 
MacLusky® at the Hannah Dairy Research Institute, Ayr, on a very 
well-fertilised ryegrass and white clover sward, receiving no nitrogen 
fertiliser but repeatedly mown for high-protein dried grass and a corre- 
sponding pure grass sward receiving varying levels of a nitrogen 
fertiliser, also repeatedly mown for dried grass, showed that the yield 
of dry matter and of protein in the grass of the grass-clover sward was 
only equalled on the grass-alone plots if it received 160 lb. and 290 lb. 
per acre respectively of fertiliser nitrogen, given naturally as a number 
of dressings throughout the growing season. These experiments indi- 
cate, therefore, that even in the United Kingdom very large transfers 
of nitrogen from clover to grass can occur, and R. E. Hodgsdn* at 
Bcltsville has found very similar results there. 

This discussion shows, therefore, that whilst there is very little 
evidence that crops such as peas and vetches can transfer any nitrogen 
to a cereal crop growing with them, there is very firm cviden<'“ that 
clover, in a well-managed grass clover sward, can transfer over loj lb. 
per acre of nitrogen to the grass annually, probably through de- 
composition of its ephemeral roots. This figure is naturally only found 
under very good conditions, and transfers of the order of 20 to 50 lb. is 
probably more common in English leys, though in many cases the 
transfer is less and may be negligible.® In normal pastures, which are 
grazed and not mown, the transfer is higher, through the return of the 
urine of the grazing animal. 

' For a discussion and analysis of the nitrogen transfer in this experiment, see T. W. Walker 
H. 1 ). Orchiston and A. F. R. Adams, J. Brit. Grassland Soc., 1954, 9, 249. 

“J- Sci. Food Agrir., 1956, 7, 66. 

*’•> ' 955 , 46, 267- 

’ petler Crops atid Plant Food, Nov. 1 953. 

r. \V. Walker, H. D. Orchiston and A. F. R. Adams, J, Brit, Grassland Soc,, 1954, 9, 249. 



CHAPTER XVII 


THE TEMPERATURE OF THE SOIL 

The soil derives its heat almost entirely from the sun, the small 
amounts due to oxidation of organic matter and to radioactivity being, 
so far as is known, negligible in influencing plant growth. The tem- 
perature of the soil depends, therefore, on the amount of heat received 
by the surface and the way in which this heat is dissipated. 

The quantity of radiant energy reaching the soil depends on tlic 
position of the sun, the opacity of the atmosphere, me aspect of the land 
and the vegetation cover. The atmosphere absorbs nearly all the short- 
wave ultra-violet radiation, but if the air is clear and dry and the sun 
is overhead, it transmits most of the visible andi heat rays. Water 
vapour, however, alfjorbs much of the long-wave radiation, particularly 
that with a wavelength around lo |x, and water droplets scatter and 
absorb much of the general radiation; and even if the sky appears to 
be clear, these absorptions can be very noticeable when the sun is low 
in the sky. Hence, more of the incoming radiant energy reaches the 
surface of the earth in arid climates than in humid; and more when 
the sun is high in the sky, as in the equatorial regions, than when low, 
as in the polar. The effect of topography is simply due to the fact that 
a surface at right angles to the sun’s rays receives more energy than an 
equal area sloping in any other direction. Hence, in the Northern 
Hemisphere a south slope is warmer than a north slope, and is sufficiently 
so to produce marked vegetation differences. 

The effect of cloud on the incoming energy reaching the earth's 
surface at Rothamsted can be seen in Fig. 24.^ The maximum amount 
of energy that could be received per day increases from about 
100 calories per sq. cm. in mid-December to 700 in mid-June, 
whilst the actual mean daily values increase from about 40 to 400 
calories during this period. Table 79 gives the mean daily and monthly 
figures for the ten years 1931-40, and shows that at Rothamsted about 
64,000 calories are received per. sq. cm. for the seven months ol the 
growing season, from March to September, and about 76,000 calories for 
the year.* If all this energy were used to evaporate water from the 

^ W, B. Haines, Quart, J, Roy. Met. Soc., 1925, 51, 95. 

• Using the acre instead of the square centimetre as the unit area, this is cquiv^alcnt to 
3i miUion units of electricity (kilowatt hours), to 4i million horse-power hours, or to tlie 
heat developed by burning some 400 tons of coal. Only about 0*5 per cent of this is reem rreo 
in the crop. 

35a 
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land surface, about 50 inches of water per year would be evaporated. 
This figure can be compared with the actual evaporation of about 18 
inches per year by an actively growing crop and of about 14 inches 
per year from a bare soil, given in Table 91 , on page 396 . 



June Sept. Dec March June Dec. March June Sept. 


1922 1923 .1924 

Fig. 24. Solar radiation received at Rothamsted. 


TABLE 79 

Mean Value of the Daily and Monthly Radiation at Rothamsted 

Period: 1 93 1 •40 



Months 




cals, per cm.® 
per day 

cals, per cm.® 
per month 

January . 

• • 




54-2 

1680 

February 

a a 




97'6 

2733 

March . 

• • 

m 



202-5 

6277 

10690 

April . 

■ • 

• 



260-8 

7824 

May . 

• • 

• 

• 


353-2 

10949 

June 

• • 


• 

> 


405-2 

12156 

30929 

hily 

• • 




361-3 

1 1200 

August . 

• • 




306-0 

9486 

September . 

• • 




227-7 

6831 

27517 

October 

• « 




129-4 

4011 

November . 

ft • 




63-6 

1908 

Oecember 

• 

• « 




39-9 

i 

1237 

7156 

Total for year 


• 




76292 
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The Heat Balance of a Soil 

Of the radiation falling on a soil or crop, part is absorbed and the 
rest is reflected back. A bare wet soil reflects back about 7 to lo per 
cent of the incident energy on a sunny day, a bare dry soil about 
double, and a crop about three times this figure.^ The absorbed energy 
is converted into heat and is dissipated in three ways: part evaporates 
water, part heats the soil and air, and part is re-radiated. 

The temperature of the surface layer of bare dry soil on a clear 
sunny day rises rapidly from sunrise until noon, and then falls to sunset, 



Fig. 25. Relation between incoming solar radiation and the air and soil surface tcinperaluic^ 
on tw'O cloud-free days at Rothamsted. 

Upper Full Curve: The temperature of the surface of the soil. 

Lower Full Curve: The solar radiation received by the soil surface. 

Middle Dotted Curve: I'hc air temperature 4 feet above the ground (in the screen}. 


following very closely the rate of absorption of incident radiation; after 
sunset it continues lo lose heat at a slower rate until sunrise, as is shown 
in Fig. 25.^ This is because the soil is re-radiating heat to the sky. H 
the atmosphere absorbed none of the re-radialed heat, the rate of loss 
of heat from the soil would be proportional to the fourth power of its 
absolute temperature, and since this is about 280° to 300° K., the wave- 
length band at which the maximum amount of energy is being re- 
radiated is around 10 |x. Now this is just the wavelength band that 
water vapour molecules ab.sorb strongly, and having absorbed energy 

^ A. Angstrom, Ceo^raf, Ann.^ r92’’>, p. 323. 

* H. L. Penman, Quart. J. Roy. Aid. Soc., 1943, 69, I. 
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at this wavelength, they then re-radiate it at the same wavelength, 
but in all directions equally. Thus, at a given level in the atmosphere* 
the water vapour there effectively reflects half the outgoing radiation 
in this wavelength band back towards the earth, and if there is a thick 
belt of moist air very little of the radiation of this wavelength that 
leaves the earth’s surface will penetrate into space. No exact calcula- 
tions can yet be made of the effect of cloud and water vapour in the 
atmosphere on this loss, but D. Brunt^ has shown that to a useful 
approximation it is reduced by a factor 

(0-56 — 0-092 y/e) (i — o-ogm), 

where e is the water vapour pressure in millimetres of mercury in the 
air 6 feet above the soil and m/io is the fraction of the sky covered 
with cloud. Thus, desert regions are characterised by great inflows of 
radiant energy during the day and great outflows during the night, 
with the consequence that the daily variation of surface soil temperature 
is very great. The conditions differ in the humid regions, because they 
ran still receive large amounts of radiant energy during the day, for 
this radiation comes from the sun, which has an effective radiation 
surface temperature of 6,000° K., so that the wavelength band at which 
the maximum amount of energy is being radiated is about 0-5 p. But the 
soil surface cannot lose much energy' during the night because of the 
blanketing effect of the water vapour in the atmosphere. At Rotham- 
sled in clear summer weather this daily fluctuation is about 35° C. 
when the surface soil is dry, and it exceeds 50° C. in subtropical ddserts. 
If the soil is wet, about half the absorbed energy is used for evaporating 
water, so that although the shape of the diurnal surface temperature 
curve is unaltered, the daily variation at Rothamsted is reduced from 
about 35° C. to about 20° C. 

It is possible to control the surface temperature of a soil somewhat 
by altering its colour, so altering the proportion of the incoming 
radiation that is reflected. Whitening the surface, for example, by 
spreading a thin film of chalk on it, increases, and blackening it,® as, 
for example, with soot, decreases tKe amount of energy reflected; and 
bence the soil should be cooled by the one and warmed by the other. 
Other methods of increasing the soil temperature, which is often very 
desirable in the temperate regions, are to improve the drainage of the 
soil, so decreasing the amount of water that has to be evaporated before 
foe air content of the surface soil becomes appreciable. 

] f%'sical and Dynamical Meleorolog}^ 2nd ed., CJambridge, 1939. 

^ b. W^ollny, Forsch. Geb. Agrik. Phy^.^ 1878, i, 43: 1881, 4, 327; R. K. Dravid, Indian 
'/• dt'nV. Sci.j 1940, 10, 352. See Indian Farm.^ I94*> 2, 47, Ibr a Canadian experiment on 
“‘ci casing the yield of canialoupc melons by the use of black paper. 
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The Influence of Vegetation on Soil Temperatures 

The fundamental effect of a crop, or of crop residues, on the surface 
temperature of a soil is to reduce both the diurnal and the seasonal 
fluctuations. This is because during the daytime most of the incident 
radiation is absorbed by the vegetation above the soil level, so that 
the main supply of energy to the soil is the long-wave radiation of the 
plant leaves, for the air that is heated by the absorbing leaves transports 
very little of this heat to the soil. Correspondingly, at night the soil 
cannot radiate energy into space, for it is absorbed and radiated back 
by the vegetation. The main region of energy loss by radiation is the 
plant leaves and, in so far as the air cannot supply energy by con- 
densing water vapour as dew, it becomes cooled, and so sinks to the 
soil level; but air because of its low heat capacityus a poor transporler 
of heat from the soil to the leaves, so again the heat lost from the soil 
surface is low. Thus, in clear weather the air temperature over a crop 
is higher than the soil surface temperature during\the day, but lower 
during the night; wjbilst the air temperature over a bare soil is lower 
than the soil surface temperature during the day, but higher during 
the night. 

One aspect of the control of air temperature by vegetation, of grc.it 
importance to fruit growers, is the production of cold air during clear 
spring nights. When radiation takes place from vegetation, such as 
long grass, for example, the heat is lost from the grass leaves which 
cool the air in contact with them. This air becomes heavier as it cools 
and, if the grass is thick, it will be entrapped between their blades and 
form a stationary layer which, since it has a low heat conduct ivity. 
will transport little heat from the soil surface to the cooling blades of 
grass. The air temperature just above the grass will, therefore, cool 
very rapidly, and if it is fairly dry, it will have to be cooled below the 
freezing-point before water vapour begins to condense out and to supply 
heat to the grass for radiation. If, howwer, the vegetation is fairly 
thin, small convective air currents between the radiating leaves and 
the soil surface will be present, so that heat can be transferred from the 
soil to the radiating surfaces, and the fall of air temperature above the 
vegetation will be correspondingly reduced. Thus, C. E. Cornlbrd^ 
found that the minimum air temperatures 3 feet above the ground on 
some flat land in Kent, after a clear, still night at the end of Ahay? 
were: above bare soil, 49*5® F.; in a wood, 49*^ F.;^ in a short-gras^ 
meadow, 45-7° F.; and over a longer grass meadow, 43'^F. 

^ (luart. J, Roy. Met. Soc., 1938, 64, 553. . . . , ' . 

* Ihc reason for the small fall in the wood is that the radiation takes place at tict-i v 
or canopy level and the cold air formed there sirjks and mixes with the large \ohinit t>i 
in the wc^ itself, thus only causing a small drop in temperature. 



EFFECT OF A GRASS COVER ggy 

Surface mulches, such as layers of straw, have the same effect as a 
cover crop of preventing the exchange of heat between the soil surface 
and the air. Thus, W. S. Rogers^ found in some Kent strawberry beds 
that there could be a I3-5°F. temperature difference on cither side of 
a straw mulch on a clear spring night, and the minimum air tempera- 
ture might be 7°F. lower over a straw mulch than a bare soil. 

This blanketing effect of vegetation or mulches may have an impor- 
tant effect on the vegetation in winter, for it reduces the penetration 
of frost into the soil. Thus, E. J. Salisbury* quotes an example where 
frost penetrated a sandy loam to a depth of 5-5 to 8-5 cm. if bare, to 
a depth of 2-5 to 3-5 cm. under rough grass, to less than 2 cm. under 
some bushes, to i -5 cm. in open hazel copse, where there was no litter. 



1939 1940 


Flu. 26. The effect of a turf covering on the sub-surface temperature of the Rothamsted soil 

during a hard frost. 


and did not enter at all where there was litter. R. K. Schofield^ found 
at Rothamsted and Woburn that a grass cover \vas even more effective, 
being equivalent to 4 inches, or 10 pm., of soil, as is shown in Fig, 26; 
that is, if frost penetrated 8 inches in bare soil it only penetrated 
4 inches under short grass. F, A. Post and F, R. Dreibelbis,^ in Ohio, 
have given another example; they found that soil became frozen to a 
depth of 2 inches or more many times during the winter when under 
wheat, only a few times under grass, and not at all under forests. 

Snow also protects the soil against penetration of frost, with the 
consequence that the soil may be warmer and frozen to a less depth 


Bur. Hori.y Tech. Comm. 15, 1945. 
Qjmrt. J. Roy. Met. Soc., 1940, 66, 167. 


* J* Roy. Met. Soc.y 1939, 65, 337. 

* Proc. Soil Sci. Soc. Amer., 1942, 7, 95. 
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in an extremely cold winter if there is much snow than in a hot so cold 
winter without snow. 

Vegetation and mulches thus reduce the fluctuations in the tem- 
perature of the surface soil, and the thicker the vegetation the smaller 
the temperature fluctuations in the soil. Forests, by ensuring that the 
absorbers and emitters of radiant heat, i.e. their leaves, are high above 
the soil, give a deep column of fairly still air in which convection can 
readily take place and which, therefore, acts as a buffer between 
absorption and emission of radiation. The plants in a grass pasture, 
on the other hand, merely remove the emitters and absorbers of 
radiation a small distance from the soil, and hence give a small depth 
of stagnant air above the surface. 

This power of vegetation to reduce fluctuations of the soil surface 
temperature, and particularly to lower its maxirAum day temperature, 
is used in practice in the tropics to protect shallow-Vooting crops, such as 
cacao and coffee, against the high temperatures that occur during the 
dry season by interplanting these crops with deep-rooting tall shade 
trees. The daily fluctuation in the temperature of the surface few inches 
of a soil under forest is often only one-third that of a bare soil. 

Vegetation affects the seasonal changes in the soil surface tempera- 
ture. Soil under vegetation warms up slower in the spring and cools 
down slower in the autumn than bare soil. But little is known about 
the magnitude of this effect or how it varies from year to year. At 
Rothamsted, at a 4-inch depth below the surface, bare soil is always 
cooler than turf, except in June and July, and the difference betweru 
these two is largest in autumn. On a ten-year average (1930--9) soil 
under turf is 2°F, warmer in October and November than bare, but 
is only i°F. warmer during the winter and spring, whilst from May to 
August it is within 0-5° F, of the bare soil temperature. 

The Variation of Soil Temperature with Depth 

The daily fluctuation of temperature in the surface soil causes a daily 
temperature wave to penetrate into the soil. This wave is heavily 
damped, as is shown in Fig. 27 for a number of cloudless summer days 
at Rothamsted, and becomes very small below 12 inches; and as it 
penetrates, the time the maximum value is reached becomes later m 
the day. The thermal conductivity of the soil controls the rate 
damping — the lower the conductivity the smaller the diurnal variation 
at a given depth. Thermal conductivity is very dependent on soi 
tilth, ^ for soil particles and water have about a hundred and about 
twenty-five times the thermal conductivity of still air respccti\ cly, so 
^ W. O. Smith and H. G. Byers, Proc, Soil Sci. Soc. Amer.^ 1938, 3 , 13. 
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that the smaller the area of contact between soil crumbs the lower the 
thermal conductivity. For the undisturbed subsurface soil it is only 
slightly dependent on moisture content, rising a little as the soil becomes 
wet, though this dependence will probably be more marked on coarse 
than fine-textured soils. Thermal conductivity depends also to some 
extent on the texture of the soil, being rather higher for sandy soils 
than for clay soils. Thus, R. K. Schofield^ found that the sandy Woburn 
soil cools down quicker in frosty weather than the heavier Rothamsted 
soil. It also warms up quicker in the spring, thus it is on the average 
1 ° F. warmer at 4 inches and i -5° F. at 8 inches during the spring months, 
whilst during the autumn the mean soil temperatures are the same. 



The temperature of some soils in the spring can be increased by 
improving their drainage, but it is not quite clear how far this is due 
to an increase in their air content — thus decreasing their heat con- 
ductivity — or to a decrease in their water content — thus decreasing 
their specific heat — and how far to increasing their maximum daily 
surface temperature through a smaller proportion of the incoming 
radiation being used for evaporating water, so leaving a larger propor- 
tion for warming the soil. 

The seasonal variation of temperature at a given depth is complex, 
for during the summer heat is moving from the surface downwards 
and there is a regular downward temperature gradient; during winter 


> Quart. J. Roy. Met. Soc., 1940, 66, 167. 
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heat is moving upwards and there is then a regular upward gradient; 
whilst in the spring, heat is moving downwards from the surface and 
upwards from below, and during the autumn there is a zone above 
which it is moving upwards and below which it is moving downwards. 
But the range of temperature variations naturally decreases at in- 
creasing depth, and the mean annual temperature in the root zone is 
probably independent of depth. 

The actual net changes in the amount of heat held by the soil are 
only small. Thus, H. L. Penman estimates that at Rothamsted the 
heat content of the top 4 feet of soil rarely changes by as much as 
30 calories per day, or probably by 800 calories during the year. These 
correspond to the heat required to evaporate a layer of water 0-5 nun. 
and 14 mm. deep respectively. j 



CHAPTER XVIII 


THE SOIL ATMOSPHERE 

^E SOIL PORES that are not filled with water contain gases, and these 
ses constitute the soil atmosphere. But its composition differs from that 
the free atmosphere because the plant roots and organisms living in the 
il remove oxygen from it and respire carbon dioxide into it. Thus, it is 
;lier in carbon dioxide and poorer in oxygen than the free atmosphere. 
Most crops can only make vigorous growth if the carbon dioxide 
(iicentration around their roots is not too high, nor the oxygen con- 
iiitration too low (see p. 449)* Hence, the rate of transfer of carbon 
oxide from the root zone to the atmosphere and of oxygen from the 
inosphere to the root zone is a soil property of fundamental impor- 
iice to the crop, and in humid soils the rate of oxygen penetration 
robably limits root growth more often than the rate of carbon dioxide 
■moval: the oxygen supply is as important in humid soils as is the 
a ter supply in arid. 

The principal paths along which the carbon dioxide and the oxygen 
love in the soil are those pores containing the soil atmosphere that 
)rm a continuous system throughout the depth of a well drained soil, 
tood aeration can only occur in well drained soils which have an 
clequate proportion of their volume occupied by such pores, and 
;veral workers have shown that this proportion should be at least 
0 per cent.i There are, however, some soils, such as the Rothamsted 
lay loam,® which when wet but well drained appear to have very 
ittlc air in the continuous pores, but on which plants do not seem to 
ufler from bad aeration. The reason for this difference in behaviour 
rom other clay soils is not known, but presumably must be due in 
lart at least to their subsurface soil being filled with cracks down which 
)xygcnated rain-water can percolate fairly quickly in the deeper sub- 
»i!. Aeration problems thus fundamentally arise either in soils with a 
ttigli water table or in hea \7 soils when wet; they do not arise in well 
drained sandy soils or in heavy soils that have been partially dried out 
by the plant roots. 

M- Kopecky, Int. Milteil Bodenk., 1914, 4, 138 (for cereals); L. D. Baver and R._B. Fams- 
'\"r(h, Proe. Soil Set. Soc. Aim., 1941, 5, 45 (sugar-beet on a heavy soil in Ohio); R. E. 
>'i<‘ph(‘!ison and C. E. Schuster, Sail Sci., 1937, 44, 23 (walnuts on a heavy soil in Oregon), 
for another example, see A. Woodbum, Agric. Engng., 1^5, 26, 193, who show^ 

Mnn would grow satisfactorily in pots filled with a heavy black Houston clay having no air 
toiiifiit when wet but well drained. 
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The proportion of the total volume of a soil occupied by air is 
difficult to determine in many soils. One method, which is only 
applicable to stone-free soils that are coherent and not too compacted 
is to push a hollow metal cylinder or box into the soil in such a way 
that the sampling tool neither loosens nor compresses the soil inside it- 
the air content is then determined either directly,^ or by the difference 
between the volume of the sampling tool and the volume of soil plus 
water in the sample. This method fails with loose sands or stony soils* 
the air space in the former, and in the latter if it is open, can, however 
be determined fairly readily by impregnating the soil with a hot molten 
wax, 2 for example, paraffin wax, whilst there are no really satisfacton^ 
methods for stony loams or clays.® 

The volume of air in a well drained soil at field capacity (see p, 381) 
decreases as the soil becomes heavier, that is, as the silt and clay content 
increase, but there is no simple relation between nt and the mechanical 
analysis of the soil. It also increases as the soil driqs. For sandy soils and 
light loams in the field, the increase of air content is approximately 
equal to the amount of water removed from the soil, for every cubic 
centimetre of water transpired is replaced by one cubic centimetre of 
air, and this replacement takes place in the same small volumes. But 
in clay soils the increase in air content is less than the decrease in the 
volume of water held, and much of the new air space does not occupy the 
actual pores from which the water was removed. For clays shrink on 
drying and this shrinkage causes a general subsidence of the soil surlace 
relative to a fixed plane in the moist subsoil, which for English clays may | 
be 2~3 inches in a dry summer,^ But the shrinkage is not uniform 
throughout the soil mass; it takes place round many centres, and the j 
more centres around which the contraction takes place, the greater will j 
be the number of cracks that wdll open, so the better distributed w ill be | 
this new air space and in consequence the better wdll be the aeration 
in the subsoil due to its being dried. 

The composition of the soil air is determined by the difference ^ 
between the rate of production of carbon dioxide in the soil by the j 
plant roots and micro-organisms ^nd the rate of its removal from this 
zone either into the deeper subsoil or into the atmosphere. The rate 
of production under natural conditions is not too well established, but 
a selection of figures is given in Table 80, wdiich shows that up to 10 to 
12 grams, or 5 to 10 litres of carbon dioxide can be produced pet 
square metre per day, and a corresponding volume of oxygen is then 

^ As, for example, by W. C. Visser’s method (Soil Sci., 1937, 44, 467). 

® As, for example, by N. F, Mishchenko’s method (Soil Res., 1932, 3, 24)- 1 k I 

* For a discussion of the best available methods, see E. W. Russell and W.* BalcereK, j 
J. Agric. ScL, 1944, 34, 123. 

* \V. If. Ward, Proc. Conf, Biology and Civil Rngng., London, 1949, i8i. 
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nreded.^ Romell points out that if carbon dioxide is being produced 
at 7 litres per square metre per day throughout the top 20 cm. of soil, 
and if gas exchange were prevented, the CO2 content of the soil in an 
average soil would double in one and a half hours and would increase 
tenfold in fourteen. 


TABLE 80 

CO2 Evolution and Oxygen Absorption in Natural Field Soils 



CO 2 evolved 
per sq. metre 
per day 
Grams 

Oxygen absorbed 
per sq, metre 
per day at I 5 °C. 
Litres 

Broadbalk. dunged plot .... 

4-2“ 

2 

j. Stoklasa and A. Ernest^ (Wheat field) . 

7-5 

4 

L. G. Romell"* (August) .... 

13-20 

7-10-5 

H. Lundeglrdh^ (August) 

2-6-50 

1-4-26 

P. Hasse and F. Kirchmeyer^ 



Bare ground ! 

I-6-4-8 

— 

Rye 

5-4- 10-2 

— 

Potatoes 

ll-S-U-? 


Lucerne . 

90-21’ 


H. Humfield® 



Bare ground 

1-8 

— 

Cropped 

2-4-4 

— 


The carbon dioxide produced in the soil can find its way into the 
atmosphere by a variety of means. In the first place, since the concen- 
tration of carbon dioxide is higher in the soil than in the atmosphere, 
sonic of it will diffuse into the atmosphere at a rate calculable from 
the well established theory of the diffusion of gases. Besides this process, 
clianges in soil temperature and in the barometric pressure of the 
atmosphere will cause the soil atmosphere to expand and contract, 
and will, in fact, make the soil “breathe”, in an amount dependent on 

^"Fhis figure can be compared with the absorption of lo c.c. of nitrogen per sq. m. per 
day needed by a lucerne crop fixing i cwt. of nitrogen per acre in three months. 

^ Annual evolution divided by 365. Stoklasa and Ernest assume omy 1200 “active” days, 
at wliirh rate this value becomes 7*7, closely agreeing with theirs. But at Rothamsted there 
more than qoo active days. 

Baht. II, 1905, 14, 723. Their total evolution is 13-5, but of this 6 is assumed to 
come from the roots of the wheat, leaving 7*5 to come from the soil. 

^ Medd, Skogsfdrsdksanst.j 1922, 19, 125. Forest soils, tree roots included. Summer values 

only. 

U 7 jma md Boden in xhrer Wirkung auf des Pftanzenleben, Jena, 1925. English translation 
from 2nd German ed., Environment and Plant Development^ by E. Ashby, London, 1931. See 
also 1927, »3, 417. 

Zlschr, Pflanz- Dmg,^ 1927, A 10, 257. 

^ I t was estimated that 80 per cent of this was due to root respiration. 

Sci , 1930, 30, 1 (Sept, values). 


364 THE SOIL ATMOSPHERE 

the change of pressure or temperature. Rain also, by bringing dissolved 
oxygen into the soil (Table 81), will first of all carry oxygen into the 
upper subsoil and then carbon dioxide into the deeper as it percolates 
down to the water table. 


TABLE 81 

Dissolved Oxygen Brought Down in Rain^ 



Average rainfall 
(inches) 
at Rothamsted 
(28 years) 

Dissolved oxygen 

Parts per 
, million 

Lb. per acre 

Summer 

13-32 

\ 9-0 


Winter 

15-50 

\ 11-2 


Year 

28-82 

li 



The relative importance of these various prbcesses is still under 
discussion, 2 but L. G. Romell,^ in a classic paper published in 1922, 
showed that the process of diffusion appears to be adequate to elFcct 
the exchange at the rates observed. Now the rate of diffusion of carbon 
dioxide from the soil to the atmosphere is proportional to the tlO, 
concentration gradient, and is dependent on the volume of the soil 
atmosphere. G, Buckingham^ showed that, to a fifst approximation, it 
was solely dependent on this volume and not on the size of the empty 
pores making up this volume. He considered the rate of diffusion was 
proportional to the square of the air space in the soil, though H. L. 
Penman® has recently shown that, in the range of air spaces usually 
met with in agricultural soils, a linear relation between the rate of 
diffusion and the air space fits the experimental data better than the 
quadratic, and that Buckingham’s formula under-estimates the dif- 
fusion rates in this range. This result means that good aeration is 
directly dependent on the magnitude of the air space: any soil treatment 
that increases the air space, such as^ploughing, cultivating or subsoiling, 
provided the increase lasts for a period of time, reduces the carbon 
dioxide content and increases the oxygen content of the soil. Conversely, 
any operation that reduces the air space, such as rolling the soil, 
increases the carbon dioxide content, and hence often lowers the pH 
of the soil (see p. 106) — an effect that may be of importance in cal- 
careous loam and sandy soils, and may explain the experience of 

^ E. H. Richards, J. Agric, Sci,, 1917, 8, 331. , . . 

® See B. A. Keen, Physical Properties of the Soil, London, 1931, for a quantitative distus|> 
of the relative importance of these processes. ® Medd, Skogforsoksamt., 1922, 19, '‘•'j 

* U.S. Dept. Agric., Bur. Soils, Bull. 25, 1904. ^ J. Agric. Sci., 1940, 30, 437, 
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farmers that heavy rolling and good consolidation are so essential on 
them. 

The composition of the soil air depends on the relative rates of two 
opposing processes; the rate of production of carbon dioxide in the 
soil and its rate of removal from the soil. This rate of removal is con- 
tinuously fluctuating with every change in structure, moisture content 
and temperature of the soil, whilst the rate of production is probably 
much less sensitive to these ephemeral changes; with the consequence 
that both the COj and the oxygen concentrations in the soil air are 
continuously fluctuating, and their fluctuations do not necessarily 
lt)llow each other closely. Fig. 28^ shows these fluctuations in the air 



I’K., 28. The oxygen and carbon dioxide content of ilic soil air in tljc dunged filotof 
Broadbalk under wheat. 


I drawn from a 6-inch depth out of the dunged wheat plot on Broadbalk 
I over a period of twenty-one months. It can be seen that while, on the 
I whole, the carbon dioxide concentration follows the inverse of the 
I oxyuen concentration fairly accurately, yet there are occasions w^hen 
I both increase or decrease together (i,e. they have opposite slopes in 
llic figure). But the figure also sho\vs that when difiusion is restricted 
i by the soil being very wet, as in early May 1913 and early April 1914, 
the oxygen content falls by much more than the carbon dioxide rises. 
This result, wdiich appears to be generally true,^ is probably due, as 
hill be explained on p. 369, to much of the carbon dioxide being 
dissolved in the soil water whilst little of the oxygen is; it is unlikely to 
be clue to the plant roots or soil micro-organisms respiring less carbon 
di(wide than could be produced from the amount of oxygen they 
consume, 

* t,. J.llussell and A. Appleyard, J. Agric. i()i5, 7, o 

' is shovvTi both in tlie New York apple orchard results in Fig, 29 and the cacao 
I Table 83. 
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The composition of the air in the surface layers of arable soil does 
not usually differ widely from that of the atmosphere when the main 
fluctuations in composition are smoothed out. The oxygen content is 
usually over 20*3 per cent, the nitrogen about 79 per cent, and the 
carbon dioxide between 0*15 and 0*65 per cent, compared with 20 96, 
79*01 and 0 03 per cent respectively in the atmosphere. Table 82 gives 
some typical figures for the composition of the air in the surface soils 
of north-western Europe. 


TABLE 82 


Composition of the Air in Soils, per cent by Volume 


Soil 

Usual 

composition 

1 

Extreme limjts 
observed \ 

i 

Analyst 

Oxygen 

Carbon 

dioxide 

Oxygen 

Carlson 

dioxide 

Arable, no dung for 12 
months . 

Pasture land 

Arable, uncropped, no 
manure: 
sandy soil 
loam soil 
moor soil 

Sandy soil. 

dunged and cropped: 
potatoes, 15 cm. . 
serradella, 15 cm. . 
Arab'le land, fallow 

un manured 
dunged 

Grassland . 

19- 20 
18-20 

20- 6 
20*6 
20-0 

20-3 

207 

207 

20-4 ! 

20-3 

18*4 

0-9 

0-5-1 *5 

016 

0-23 

0-65 

0-61 

018 

01 

02 

04 

1*6 

10-20 

20-4-20-8 

20-0-20-9 

19-2-20-5 

19- 8-2 10 

20- 4-20-9 
20-4-21 -1 
18-0-22-3 
15-7-21-2 
167-20-5 

0-5-11-5 

0-05-0-30 

0-07-0-55 

0-28-1-40 

0-09-0-94 

0-12-0-38 

0-02-0-38 

0-01-1-4 

0-03-3-2 

0-3-3-3 

J. B. Boussingauit and 
Lewy^ 

Th. Schloesing f)/s* 

E. Lau,* mean of de- 
terminations made 
frequently during a 
period of 12 months. 
Values at depths of 
15 cm., 30 cm. and 
60 cm., not widely 
different. (30 cm. 
values given here.) 

E. J. Russell and A 
Appleyard* 


Under tropical conditions the CO 2 content of the soil air may ris( 
much higher, and the oxygen content fall lower, than these figures 
during the warm rainy seasons,^ presumably because of the very rapid 
evolution of carbon dioxide by the soil organisms on the one hand, and 
the heavily restricted air space in the soil on the other. 

The carbon dioxide content of the soil air usually increases, and the 
oxygen content decreases, with depth; and this can be very marked 
during wet periods in heavy or badly drained soils. Fig. 2(/* shows 
this variation for a well-drained sandy soil and a badly drained heavy 
soil in the apple orchards of Cornell, and Table 83’ shows it for a 

1 Am. aim. Phys., 1853, 37, 5. » C.i? , 1889, 109, 61 <J 73 - 

* Inaug. Diss., Rostock, 1906. * Agric. Sa., I 9 i 5 > 7 > ' 

® For some results at Pusa, see J. W. Leather, India Dept. Agtic, Alem. Set., I9*5» 4 ’ 

• D. Boynton and O. G. Compton, Soil Sci.t 1944 , 57> *07. " ^ „ 

’ H. Vine, H. A. Fhompson and F. Hardy, Trap. Agric. Trirt., 1942, 19, I 75 > ’ 

ao, 13. 
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racao soil in north-west Trinidad during the rainy and the dry seasons. 
These show that the carbon dioxide content can rise to very dangerous 
heights in a subsoil where the crop roots ought to be active. Hardy 





showed, in more detail than is given in Table 83, that the CO2 
S^adi(mt ^vas nearly constant down the profile during the dry season, 
but was much higher in the surface than subsurface layers during the 

Wet. 
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TABLE 83 


The Oxygen and Carbon Dioxide Content of Soil Air under Cacao 
(Rivers Estate, Trinidad) 


Depth of 
sampling 

Oxygen content 

i 

i 

Carbon dioxide content 

Carbon dioxide 
gradient 
per cent per cm. 

in cm. 

Wet 

Dry 

Wet 

Early dry 

Late dry 

Wet 

Dry 


Oct.-Jan. 

Feb.-May 

Oct.-Jan. 

Feb. 

Apri 1-May 

Oct.-Jan. 

April~May 

10 

■Ill 

20-6 

6-5 

10 

0-5 

Kjjffljll 

0-05 

25 

mBm 

19 8 

8-5 

21 

1-2 


0-06 

45 


18-8 

9-7 

4-3 

21 

004 

0-07 

90 


17-3 

100 

6-7 

3-7 

001 

0-06 

120 

7-8 

16-4 

1 

9-6 

8-5 


-001 

0-06 

Observed COg diffusion rate 
from the soil In litres per 
sq. m. per day 

6-8 

7-5 

\ 

\ 

\ 7 - 7 \ 




■ Cropped 1913 Fallow I9M 

0-7 Fallow 1913 Cropped 1 914 


o-'“ 
VJ 0*5 

0-3 

0*2 

0*1 

0 



1913 1914 


Fig. 30, The effect of a wheat crop on the carbon dioxide content of the soil air (Roiham* 
stcd, Hoosfieid, wheat and fallow). 


The carbon dioxide content of the soil air is higher in cropped than 
in fallow land (Fig. 30), and this effect is most noticeable when the 
crop is growing actively. The effect of the type of crop on the com- 
position of the soil air is not well established, as the short period fluctua- 
tions in composition and changes in the tilth of the surface soil con- 
sequent upon growing the crops usually swamp any differences between 
them. There is, however, as shown in Table 82, little doubt that the 
air in soils carrying lucerne or permanent pastures is richer in carbon 
dioxide than that in arable soils. 

The effect of dressings of farmyard manure on the carbon dio.xio^ 
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ontent of the soil air is less than one might expect, presumably because 
Ithough the rate of production of carbon dioxide is increased, the air 
pace in the soil, and hence the rate of diffusion of the carbon dioxide 
nio the atmosphere, is also increased. Fig. 31 shows the carbon 
lioxide contents of two neighbouring plots on Broadbalk, one of which 
las been unmanured since 1843, the other which has received 
4 tons of farmyard manure practically every year since then. The 
aain difference between them lies in the carbon dioxide contents when 
he soil is wet and diffusion slowed down. The soil was wet throughout 
he period April-May 1913, whereas it was dry throughout this period 



in 1914, and this is the probable cause of the much greater difference 
between the carbon dioxide contents of the two plots in the former 
spring. 

Green manuring, particularly if the crop is fairly succulent, will also 
put up the carbon dioxide content of the soil air. This may have two 
consequences. If seeds are sown too soon afterwards, the carbon dioxide 
may inhibit germination or harm the very young root system of the 
seedling. On the other hand, if it is done on land carrying an estab- 
lished crop, such as an orchard, it will lower the /»H of the soil; and if 
the soil is calcareous and very well aerated, it may enable the crop to 
take up sufficient phosphate and other elements whose availability is 
very low in these alkaline conditions, to make several months good 
gcowtlr. 

Not all the gases present in the soil are in the soil atmosphere: some 
dissolved in the soil water. Russell and Appleyard examined the 
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composition of the dissolved gases and found that they consisted mainly 
of nitrogen and carbon dioxide, and the dissolved nitrogen could be 
pumped out much more readily than the dissolved carbon dioxide. 
No oxygen could be found, presumably because all dissolved oxygen 
would be immediately used by the soil micro-organisms. Unfortunaklv 
no estimates have been made of the distribution of the gases between 
the liquid and gas phases, but presumably the absolute amount of 
carbon dioxide, and possibly also the amount relative to that in the 
gas phase, increases as the moisture content increases; and this may 
be the cause of the result already noted, that in wet conditions the 
oxygen content of the soil air falls by much more than the carbon 
dioxide rises. ; 

The composition of the soil air can only be controlled to a limited 
extent by the farmer; his control is mainly exci^cised through varying 
the porosity, or air space, in the soil, and in particular in the surface 
layers of the soil, for this controls the rate at which the carbon dioxide 
produced in the root zone diffuses out into the air. As an extreme 
example, puddling# the surface of a soil when it is wet is a very efficient 
method for reducing the aeration in the subsoil, and this is an essential 
operation in much paddy rice cultivation, though its main importance 
in this example is to reduce the permeability of the soil. But the 
same effect can sometimes be seen in irrigation practice and perhaps 
also in ordinary farming. If the surface of a fine-textured soil is com- 
pacted, most of the surface pores will hold water against drainage, 
with the consequence that for several days after it has been well wetted 
there will only be few empty pores through which the carbon dioxide 
can diffuse out from the subsoil, so its concentration there will build up 
considerably. If this happens during a spell of hot weather the absorbing 
roots of the crop will very soon be killed. This effect is of proved 
importance in irrigation agriculture, hence the need to lightly cultivate 
the surface of any such soils as soon after irrigation as possible.^ And it 
may be the reason why some farmers in the temperate regions arc quite 
certain that root crops such as sugar-beet benefit from surface hoeing in 
hot weather, for if a moderately light rain did come it would have much 
less chance of sealing the soil surface against diffusion of the carbon 
dioxide from the soil. Further, soils liable to have their surface air spree 
much reduced by rain or irrigation would be exp>ected to benefit Irom 
a surface organic mulch, for this maintains the soil surface underneath 
it in a good crumbly condition. 

The main problem facing the farmer in humid regions is that ol 
increasing the oxygen content, and decreasing the carbon ♦dioxide 
content in the subsoil of heavy or wet soils. This can be done readily 

* For an example, sec S. R. Ray andj. B. Shanks, Proc, Amer. Soc. HorL Self 19 17? 49- 
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1 light or medium soils having a high water table simply by draining 
[icm so that the air space is increased down to the capillary fringe 
bove the water table. Draining also improves the aeration of heavy 
even if it does not appreciably increase the air space of the subsoil, 
loth because it increases the air space in the surface by letting soil rain- 
water drain through quicker, and also probably in part by preventing 
\ic water in the subsoil from becoming too stagnant and the attendant 
trongly anaerobic conditions from arising. This problem is, however, 
iscussed again in more detail on p. 412. 

The aeration in the deeper layers of a clay soil are probably very 
ependent on the amount and depth of the cracks that develop during 
leriods of drought. In tropical climates with a pronounced wet and 
ry season, or desert soils under irrigation, clay soils will develop cracks 
feet or more in depth and up to 3 inches wide at the surface, and these 
racks may occupy between one-fifth and one-third of the superficial 
rca of the soil.^ When the rainy season first begins these cracks will 
aaintain adequate aeration for the roots of the crop in the subsoil to 
ontinue the function after the surface soil has become impermeable to 

ft 

ir. 

Only a few methods are available for increasing the number and 
tability of the channels or cracks going from the surface into the sub- 
oil of impermeable silt and clay soils. If the land is in arable, deep 
ultivation and subsoiling help, provided the structure of the sub- 
oil is stable so the cracks last for an appreciable time and do not fill up 
minediately. On the whole, clay soils have stable, and silts unstable, 
ubsoil structure, hence this method is mainly applicable to clay soils, 
f the soil is not in arable, deep-rooting crops, such as lucerne or even 
neadow hay in dry years, will open up the subsoil considerably. Very 
ong leys may also encourage an increase in the population of deep- 
)urrowing earthworms, such as Lumbricus terns tr is and Allelobophora 
loctuma^ whose burrows will help the aeration in the subsoil. But the 
copulation of these species is usually low in arable land, and their 
copulation only builds up slowly when such land is put down to grass 
ip. 188); hence, it may be found economically worth while to hasten 
'heir natural rate of increase by adding a large number of their cocoons 
to such soils when they are first put down to a long ley after being 
cld arable. 

^ I' or an example from Egypt, sec V, Mosseri and C. A. Bey, SuUanic Agric. Soc., Bull, 11, 
'923; from Trinidad, F. Ilardy and L. F. Derraugh, Trop, Agrk. Trin,, 1947, 24, 76. 



CHAPTER XIX 


THE WATER IN SOILS 

Where and How the Water is Held 

Soil holds water in two ways: in the interstices or pores or capillaries 
between the solid particles, and by adsorption on the solid surfaces of 
the clay and organic matter particles. The mechanism of the adsorp- 
tion of water on the clay particles has alrejady been discussed in 
Chapter VIII; the mechanism of capillary condensation will be con- 
sidercd here. But at the outset it is important t^ realise that the water 
held in even a fairly dry soil cannot be sharply separated into capillary 
and adsorbed water. 

The soil capillaries are not straight uniform tubes, and for that 
reason it may be best to drop this word and use the words interstices or 
pores to describe the spaces between soil particles. Soil particles ha\'e 
irregular shapes and so leave irregular spaces between them; they 
aggregate in crumbs and clods which are separated from each other 
by spaces; and the soil is filled with channels or tunnels made either 
by the roots of plants which have since decayed, or by the larger soil 
fauna, c.g. earthworms and insects. These spaces form an intcr- 
conriected system filling the whole soil — the pore space of the soil-* 
whose geometry in most soils is characterised by very rapid changes in 
the width of the space: relatively wide spaces may only connect with 
other wide spaces through necks which are much narrower. 

The water in the soil thus exists in thin films or sheets of ver) 
irregular shape and thickness, sometimes bounded by solid particles 
and sometimes by air menisci. The properties of such thin films or 
sheets of water, are dealt with under the heading of capillary pheno- 
mena in many books of physics, physical chemistry or colloid science. 
For the present purpose the following properties of these films are 
relevant. 

Consider a liquid in a capillary tube having a boundary with air. 
The boundary layer between the liquid and the air is called the menis- 
cus. The meniscus is usually curved; it may make a definite angle 
— the angle of contact — with the walls of the tube; and it puts the 
liquid column under a tension T, given by 

T = - - cos a 


372 



CAPILLARY CONDENSATION AND ADSORPTION 375 

f the liquid is in a circular tube of radius r, where a is the surface 
ension of the liquid and a is the angle of contact, which is usually zero 
br the system soil particlcs-water-air. 

This tension which the meniscus exerts on the water column may 
control the minimum size of pore in which water can exist; for once 
he tension corresponding to a particular pore size causes a tensional 
tress in the water that exceeds its cohesion— i.e. the force of attrac- 
ioii between neighbouring water molecules — the water column in the 
;apillary will become unstable. Unfortunately the cohesion of water 
n fine capillaries cannot yet be measured experimentally or calculated 
heoretically, so no exact estimate of the minimum size of pore capable 
)f holding water can be made. There is no question that the cohesion 
3f water exceeds 30 atm., so that it can certainly exist in capillaries 
3fo’i (X diameter,^ and R. K. Schofield^ has collected together evidence 
to show it almost certainly exceeds 100 atm., corresponding to capillaries 
ifo‘03 [X or about 100 water molecules in diameter, and that it probably 
xceeds 1,000 atm. Hence there is no theoretical reason against water 
xisiing as liquid in capillaries only a few water molecules across. 

A study of the detailed processes of adsorption and capillary con- 
densation thus shows that it is not even theoretically possible to divide 
up the water held by a soil into adsorbed and capillary water for three 
reasons. Water, unlike alcohols and in particular the long-chain 
alcohols, does not form a definite rnonomolecular layer on the clay 
particles; it has a zero angle of wetting with clay particles and with the 
dsorbed water films on them, and it can probably exist in capillaries 
only a few molecules in thickness — so narrow that, for most soils, the 
water would be in adsorbed multimolecular films. Hence, concepts 
such as that of hygroscopic water, which is meant to represent the 
total amount of adsorbed water a soil can hold, are without theoretical 
foundation. 


Suction and pF Curves for Soils 

The intensity with which water isi held by a soil can be measured 
in units based on the concept of suction. If water rises a height h cm. 
in a capillary tube standing in water, one can speak of the air-water 
meniscus exerting a suction of h cm. on the water; alternatively, 
suction of h cm. of water must be applied to the base of the tube to 
jmek the water down to the same level as the water outside. Thus 
'^'ntci‘, held by a soil at a suction of h cm., can only be removed from 
soil if a suction greater than this is applied to it. 

j /I’or a discussion of the cohesion of water, particularly when it contains some dissolved 
H. N. V. Tempcrlcy and L. G. Chambers, Pm. Phys, Soc., 1946, 58, 420, 436. 
j tst Cmm. Int. Soc. Soil Sci.f Bangor, 1938, p. 38. 
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The intensity with which a liquid is held in a capillary can also b« 
defined in terms of the difference between the free energy of the liquid 
in the capillary and in bulk. This difference can either be expressed 
in absolute units, such as ergs per gm., or, as R. K. Schofield^ has 
suggested, in the more practical units of a potential difference in the 
earth’s gravitational field, i.e. a height in centimetres, obtained b) 
dividing the absolute units by the acceleration due to gravity; or it can 
be expressed in a variety of indirect units such as depression of vapour 
pressure, or freezing-point of the liquid.® Schofield also suggested that 
since the range of free energy changes between a dry, a damp and a wet 
soil are so large, the logarithm of the free energy difference, expressed in 
centimetres, which he called /F, would be a/ more convenient unit. 
The range met with varies from about pF 7 for in oven-dry soil through 
pF 4 for a soil in the wilting-point range to about pF 2 for a wet soil 
when well drained. ^ 

The suction scale and Schofield’s j&F scale are Seen to be two different 
scales, for the units of suction correspond to a pfessure, and therefore 
involve the density of the water, whereas the units in Schofield’s scale 
do not include this density as they are derived from a free energy 
difference. These two scales are nearly equal when the soil water is 
at normal temperature and under a low suction: but they differ to an 
unknown extent as the suction increases, for very little is known about 
the density of water in fine pores: it is decreased by the tension which 
the w'ater is under, but increased in the neighbourhood of the electrical 
charges on the clay surfaces and of the ions that have dissociated from 
it into the water; and no determinations are available of the resultant 
^ect of these tw'o opposing tendencies on the density of the water at 
aifferent moisture contents. 

Each scale has its greatest utility in different moisture ranges — the 
direct suction scale in regions of low suctions, and the free energy andj 
pF scales in regions of high suctions, for the simplest method of deter-; 
mining the free energy difference in the low suction region is by a| 
direct determination of the suction that must be applied to move water 
out of the soil, whilst for the high suction region other methods, such 
as lowering of vapour pressure or freezing-point, from which free energy 
differences can be calculated, must be used. The suction range that 
can be easily covered by direcj suction measurements certainly extends 
up to I atmosphere® {pF 27 or 500 cm. of water); and L. A. Richards^ 
has shown it can be extended up to 15 atm. {pF 4-2). Above about 

^ Trans. 3rd Ini. Congr. Soil Sci.y Oxford, 1935, 2, 37. j 

® For a discussion of the thermodynamical relationships between these measurements | 
and free energy, see N. F. Edlefsen and A. B. G. Anderson, Hilgardia, 1943, 15, 3<- 

* Sec L. A. Richards, Soil Sci., 1942, 53, 241, for the details of his technique. ,1 

* L. A. Richards and M. Fireman, Soil Sci., 1943, 56, 395, for suctions up to 2 atm., anaj 
L. A. Richards and L. R. Weaver, J, Agric. Res., 1944, 69, 215, for suctions up to 13 ^^”^1 
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j atmosphere, however, indirect methods of measuring suction or free 
energy differences are usually more convenient to use. 

There is no unique relationship between the suction or pF of the 
(vater in a soil and its moisture content. In the first place, if the 
pioisture content remains constant but the temperature of the soil 
increases, the suction of the water in the soil decreases, because the 
surface tension in the air-water meniscus decreases with increasing 
temperature. An example showing the possible importance of this effect 



Fio. 3 a. The /)F-moisture content curve for a Rothamsled soil. 


s given on p. 380. Again, at constant temperature, the suction of the 
oil water at a given moisture content depends upon whether the 
noisture content is increasing or decreasing. This can be shown by 
:oastructing the suction or //F-moisture content curve for a dry soil 
allowed to wet slowly, and then for the wet soil as it is allowed to dry 
slowly, as is shown in Fig. 32 for a Rpthamsted soil.^ This figure shows 
that the wetting and drying curves are different, and hence that there 
is no unique /)F-moisturc content curve for a soil. The suction or 
pF-moisture content curve also depends on the soil structure in the 
range of low suctions, as will be discussed in more detail on p. 427* 

This dependence of the soil’s /?F-moisture content curve on its past 
history is due to two causes, one of which gives a fairly reproducible 
hysteresis loop and the other an irreversible displacement of the curve. 
fii%t type can best be studied in a rigid system, i.e. in a system 

^ R. K. Schofield, Tram* 3rd Int, Congr. Soil 6Vi., Oxford, 2 , 37* 
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whose volume does not depend on its moisture content, as, for exampi, 
a mass of sand grains in closest pacldng.^ In this system the spac 
between continuous sand particles is connected to its neighbou 
through necks that have a smaller effective diameter than the mai 
volume of the space. When the moisture content of the sand is falHtij 
i.e. when water is being sucked out of the sand, the effective diametc 
of the pore is that of its largest bounding neck in contact with the ai 
for the pore space cannot be emptied of water until the suction 
sufficient to break the water meniscus in this neck. On the other haric 
when the sand is being wetted the effective diameter of the pore 
that of its widest part, for it cannot fill until the meniscus of maxiniui 
surface has been created, after which the rest of the pore fills in 
mediately. Thus, the sand holds more water ^t a given suction Avhe 
water is being withdrawn than when it is being added. 

This hysteresis loop is reversible in the sensi^ that one can take tl; 
system round a series of identical wetting and d^ing cycles and obtai 
the same hysteresis curve each time. The appeiurance of this loop ff 
a non-swelling soil block is a sign that the pore space being filled wit 
water has a ccllulav shape, such as is bound to occur between spheric; 
or irregularly shaped continuous particles. The existence of this loo 
has the consequence that the actual moisture content of a soil holdin 
water at a given suction can vary very widely depending on how th 
moisture content was arrived at. Thus the suction of the water in 
soil with a changing moisture content may change appreciably wit 
little alteration in moisture content if the direction of change is revcrsec 

A* second cause for the dependence of a soil’s pF curve on its pa: 
history can only operate when the volume of the soil depends o 
its moisture content. Swelling involves the constituent soil partic 
sliding over each other during the process, and the soil particles nee 
not come back into the same relative position with respect to thei 
neighbours after being taken round a wetting and drying, or a swcllin 
and shrinking, cycle. Whenever these shearing movements, set u 
during drying, result in a repacking of the soil particles, such as occu 
with the cylinder of moulded soil illustrated in Fig. 13 on p. 130, tli 
pF or suction curve will be shifted bodily, for the pore space has bcc 
irreversibly altered, and in general reduced, by this repacking. 

These two types of effect arc illustrated in Fig. 33, which shows, far 
Rothamsted subsoil, both the typical hysteresis loop and also the bodil 
shift of the whole curve, consequent upon subjecting the soil particles t 
the intense suction forces generated by drying the sample to 200 C.' 

The pF curve for a soil gives the pore size distribution in that so 

* For a detailed discussion of this system, sec W. B. Haines, J. Agrk, Sci., 1927, t"' 
1930, 20 , 97; also B. A. Keen, Physical Properties of the Soil, London, 1931. 

*R. K. Schofield, Trans, isi Comm. Int, Soc, Soil Sci,, Bangor, 1938, A, 38. 
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provided the volume of the soil does not alter with change of moisture 
content, a condition that is usually only fulfilled in sandy soils. It docs 
not give this information for soils which swell appreciably on wetting; 
but the concept of a pore size distribution for such soils has no unique 
jiignificancc, for swelling and shrinking can only occur when an 
appreciable proportion of the soil particles are surrounded by layers 
of water whose thickness depends on the moisture content of the soil. 



Fig. 33. Hysteresis due to wetting and drying, and to high temperature drying of a Rotham- 
sted soil. The curve was obtained in the direction A B G D 


Thus, when swelling and shrinking occur, the geometry of the spaces 
between the soil particles depends on the moisture content. 

The suction-moisture content curv^es for a soil are, in theory, depen- 
dent on its tilth or structure. In practice, the dependence on structure, 
or on the effects of cultivation, is important for suctions under about 
20 cm. of water, and very important for suctions much lower than tWs. 
In the field, cultivation operations probably barely affect the suction 
curve for values above 50 cm. of water; but if the soil is brought into 
te laboratory, air-dried, ground up and passed through a 2-mm. sieve, 
suction-moisture content or ^F-moisturc content curve will depend 
ou the method of packing into the measuring apparatus, or its method 
of being worked before measurement, up iopF values as high as 5*4.^ 

' 0 . Thomas, Soil Scu, 1928, 2$, 409. He stated his result in the form that vapour 

pressure curve for the soil depended on the method of working it for relative humidities 
above 85 per cent. 
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THE WATER IN SOILS 

The Movement of Liquid Water in Soils 

Water can move in soils under gravity (drainage) and under s 
suction gradient (capillarity), and tlie rate of movement is controllec 
by the size and continuity of the pores containing the water, by th( 
pressure or suction gradient, and by the viscosity of the water, Watei 
can only move through existing water-filled passages: it cannot niov( 
across or down an air space, for it could only do this if it were unclei 
sufficient hydrostatic head from above for its weight to break the air- 
water menisci holding it in the film, so allowing a drop to break off 
Thus, water can only move freely in wide pores if water is being applied 
to the surface. The speed of water movement in a damp soil is thus very 
dependent on the straightness or circuitousnessjof the widest continuous 
water-filled passages and on the thickness ofi the narrowest parts oi 
these continuous passages, for viscous resistance\to flow through narrow 
passages increases very rapidly as they narrow.^ Viscous resistance by 
itself is adequate to explain why water can only move through soils at 
any appreciable rate if it is moving in relatively thick sheets or through 
wide pores, and why flow through the main body of a loam or clay soil 
when wet, or through any soil when partially dry, is so slow as to be of 
no practical significance. 


ENTRY OF WATER INTO A SOIL! INFILTRATION RATE OR 
PERMEABILITY 


The rate at which water enters a soil, sometimes spoken of as the 
infiltration rate or permeability of the soil, depends on the proportion 
of coarser pores in the surface of the soil. It seems probable that rapid 
movement is confined to pores that are emptied by a suction of lo cm. 
of water, though those requiring 40 cm. take some part and possibly 
also those requiring 100 cm.,^ corresponding to an ‘‘equivalent 
diameter” of 30 [x. 

The rate of entry is thus controlled by every factor which affects the 
number and stability of these larger pores, and is therefore dependent 
on the shape of the suction-moisture content curve of the soil in its 
natural condition at low suctions. It is heavily reduced if the pores at 
the surface become filled with mud, as may happen if muddy water 
flows over the land or, during heavy rain storms, if the surface crumbs 
are not protected from the mechanical shattering effect of fast-falling 


Hence halving the 


^ The quantity of liquid of viscosity tj flowing through a tube of internal radius r and 
length I under a pressure difference p is given approximately by 

diameter of the tube reduces the flow sixtcenfold. , , 

*R. M. Smith, D. R. Browning and G. G. Pohlrnan, Soil Sci.^ i944» 57 » * 97 - . 

G. R. Free, G. M. Browning and G. W. Musgrave, US. Dept. Agric., Tech. Bull. 729, 

L. D. Baver, Proc. Soil Sci. Soc. Amer., 1938, 3, 52. 
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jieavy drops of water. ^ It may also be reduced if for any reason an 
appreciable number of these pores become sealed by entrapped air 
pockets,* if the soil crumbs swell appreciably on wetting, and if the 
subsoil structure of the soil is unstable (see p. 427). 


prainage of water 

After all surface water has seeped into a soil, the water redistributes 
ilseli by downward drainage, and in many soils this redistribution 
takes place very rapidly. It can be followed easily in drain-gauges or 
lysimeters. Thus, the Rothamsted i /1,000-acre drain-gauge containing 
20 inches of bare uncultivated soil, after it has just been filled full of 
water by a rain storm, i.e. when water is just not standing on the 
surface of the gauge when the rain ceases, will only lose a third of an 
inch of water by drainage and nearly all this drainage loss will occur 
within twenty-four hours, although a trickle of the order of one or 
two thousandths of an inch a day will go on for a few days longer. 
This figure of a third of an inch for the total drainage loss gives an 
estimate lor the air content — or to be more exact of the air space that 
can be filled with water — of the top 20 inches of the fully drained 
Rothamsted soil, which works out at i -6 per cent of the total volume. 
A well-drained Rothamsted soil — like many well-drained heavy loams 
and clays — does not in fact possess any appreciable volume of air. 
The Rothamsted gauge containing 60 inches of soil loses 0-43 inch of 
water in corresponding circumstances, and though most of this loss is 
completed in two to three days, the gauge continues to discharge yrater 
at the rate of a few thousandths of an inch a day for a further two to 
three days in summer and ten to twelve days in winter. 

H. L. Penman and R. K. Schofield* have shown that the results are 
consistent with the idea that the rate of water flow is controlled by the 
width of the pores and the viscosity oi the water, and that flow ceases 
because of the great viscous resistance to movement in the thin films 
remaining. Many deep loess and alluvial soils, however, do not show 
this sharp cut-ofl'of drainage. Thus, W. W. Burr* in Nebraska, O. W. 
Israelson* in Utah, and N. F. Edlefs'Jii and G. B. Bodman® in California 
have all worked with soils that continue to show the phenomenon of 
slow or delayed drainage for many months. Edlefsen and Bodman, for 
example, heavily irrigated a deep silt loam, protected its surface 
from eva{x>ration and determined the amount of water in each 6-inch 


' See J. o. Laws, Agrur. Engng., 1940, 21, 431, for photographs of this effect. 

'J. E. Christiansen, Soil Set., 1944, 58, 355. 

“ 7 . Agric. Set., 1941, 31, 74. 

Jyebraska A^ric. Expi. Sta,y Bull, 114, 1910. ^ « 

1927, z, f)09; with F. L, West, Utah Agric, Expt, Sta,^ Bull, 183, 1922. 
^3, Amer. Soc, Agron., 1941, 33, 713. 
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layer down to 9 feet at increasing intervals of time after the soil surface 
had ceased to be water-logged, which was on 3 October, 1934. Some 
of their results are given in Table 84, which shows that from the 
fourteenth to the fifty-eighth day after the commencement of the 
experiment 4 inches of water had drained out of the profile, of which 
I *6 inches had come from the first 4 feet, that drainage almost ceased 
throughout the winter and spring, but as the soil warmed up in the 
summer another 5*3 inches left the profile, whilst during the next 
summer a further 1-3 inches left.^ This experiment shows that these 
silt soils can lose water by drainage during warm summer weather two 
and a half years after an irrigation. 


TABLE 84 j 

Inches of Water draining out of a ii^t Loam Soil 
(Davis, Calif.) \ 


Sampling dates 

3/10/34- 

6/10- 

17/10 

17/10- 

30/11 

30/11/34- 

8/5/35 

8/5— 

31/8 

31/8/35- 

22/1/37 

No. of days of 
drainage . 

3 

11 

44 

159 

115 

510 

inches of water 
draining out of 
the top A ft. of 
soil . 

96 ! 

l'5 

1-6 

0*2 

2-7 

04 

9 ft. of soil . 

! 

17-6 

41 

40 

p-8 

5'3 

1*3 


The phenomenon of the effect of soil temperature on the amount of 
water a soil can hold against drainage, which is shown up so well in 
Edlefsen and Bodman’s experiment, is due not only to viscosity but, at 
least in part, to the effect of temperature on the surface tension of water, 
as mentioned on p. 375. As the temperature increases the surface ten- 
sion decreases, hence the pore diameter that can just hold water against 
a given suction decreases, with the consequence that a volume of water, 
equal to the pore volume between the two pore diameters, will drain 
away. Whether this effect is adequate to explain Edlefsen and Bodman’s 
results — and other workers elsewhere have obtained the same result’^— 
is not known, as it has not yet been systematically investigated. 

The process of the movement of water into soils can be seen clearly 
when a limited amount of water is allowed to percolate into a deep, 
dry soil. As the water penetrates, a fairly sharp boundary can be seen 

* A sampling was made in the spring of 1036, but the results are erratic, as the top layw 
0-4 feet and the bottom layers yj-g feet on die whole appeared to lose water and the niidoi' 
layers 4-7^ feet to gain water, 

*Sce, lor example, L. A. Ricliard^ and L* R. Weaver, J, Agric, 1944, 69, 2 i 5 » 
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lOving downwards, the soil being wet on one side and dry on the 
ther. A short time, usually a few days, after water is withheld from 
surface the boundary becomes stationary, and this sharp division 
etwcen unwetted and wetted soil persists for a long time.^ The reason 
^hy the bounding surface persists for so long hinges, orcc again, on the 
onirol viscous resistance imposes on the movement of water, for the 
^atcr has to flow in very thin sheets from the wet boundary into the dry 
3il. L. A. Richards® has given an example of the slowness of the pro- 
ess: he found it took over three months for equilibrium to be reached 
»hen 3 inches of air-dry soil were wetted with water under a suction of 
50 cm. (5 feet), though if the soil was previously damp, equilibrium 
^as attained in two to three days. Water can, in fact, only distribute 
tscll through soils at rates as high as a thousandth of an inch per day 
hrough an inch of soil if the soil is definitely moist. 

riELD CAPACITY 

The moisture content of many well-drained soils falls to a fairly 
lefinite value after rain or irrigation has ceased, provided evaporation 
s prevented, and a soil in this condition is said to be at its field capacity.® 
5omc, probably most, soils possessing a well-defined field capacity 
each this moisture content in the course of two to three days, when 
ihe water in the surface soil appears to be under a suction of 20 to 
inches, or 50 to 100 cm., though the range of suctions has not been 
extensively investigated.^ But soils which show the phenomenon of 
elayed drainage strongly, such as some deep uniform moderately 
silty soils, cannot be said to possess a field capacity, for drainage con- 
tinues to remove appreciable quantities ol’water from them over periods 
of several months. 

The difference between these two types of soil lies in their pore 
space distribution. Soils possessing a definite field capacity have two 
tairly distinct pore space systems — a continuous system of coarse pores 
extending round the main structural units through which water can 

^R. E. Moore, Hilgardia, 1939, X2, 383, has described the corresponding effects for the 
ipward rise of water from a water table. 

-inier, Soc. Agron., 1941, 33, 778. For another example, sec F. Shrevc and W. V. 
Tumage, Soil ScL^ 1936, 41, 351, Again, F. J. Veihmeyer and A. H, Hendrickson {Plant 
vhmL, 1926, 2, 71 ) packed a 2-fooi long cylinder of soil at field capacity (22 per cent moisture 
.tonicrit) between two 2-foot cylinders of the same soil just above its wilting point (14I per cent 
i^iurc content) and found that after 139 days moisture had only moved 6 inches into the 
/ soil. 

“I’Kld capacity is here defined as a condition of the soil: but many workers define it as 
moisture content, expressed as a weight percentage, at this condition, 
ha soil sample is air-dried, and passed through a 2-mm. sieve, and then wetted in som^^ 
^Doraiury apparatus, it needs to be put under a suction ol 3-10 metres oi water atm.) 
j|o bring 'it down to the same moisture content as the field capacity of the soil in its 
^tural field structure. This docs not prove, however, that the water at field capacity 
; II the natural soil is at this suction. See L, A. Richards and M. Fireman, Soil Sci,^ 1943, 
395, Ibr an example. 
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move rapidly, and another continuous system of fine pores extendini 
throughout the interior of these units through which water movemen 
is practically inhibited by the viscous resistance to flow in such thii 
sheets. 

The existence of a definite field capacity implies that the rate 0 
water movement under a definite suction gradient, the capillary con 
ductivity of a soil, must fall very rapidly as the suction of the wate 
In a soil increases from about 10 cm. to about 100 cm. This can bi 
illustrated by an example of L. A. Richards.^ Table 85 shows that thi 

TABLE 85 


Relation between the Suction of Water in a Soil and its Mobility 


Suction of water in the soil, 
cm. of water 

Moisture content per cent,\ 
air-dry basis \ 

Rate of flow of water under 
standard conditions- 

20-3 

Sandy Soil 

13-0 

930-0 

1380 

6-3 

16-4 

243 0 

5-4 

6-95 

32- 1 

Greenvilh Loam 

34-0 

3420 

161-0 

22-4 ! 

310-0 

248 0 

19-9 

257-0 

393-0 

17-2 

178-0 

597-0 

15-4 

72-7 

14-3 

Preston Clay 

63-3 

460-0 

27-1 

59-0 

135-0 

149-0 

42-2 

3-29 


capillary conductivity of the Greenville loam, which is a soil possesiinj 
no definite field capacity, falls off slowly through the suction rangf 
30 to 600 cm., whilst that for the Preston clay, which possesses a definiti 
field capacity, is reduced a hundred and fifty-fold for an increase 0 
suction firom 14 to 150 cm. R. E. Moore® has extended this worl 
somewhat and concluded that, on ‘die whole, the capillary conductivit; 
usually sinks to very low values at lower suctions in sands (80 to 90 cm 
suctions) than in loams or clays (100 to 140 cm. suctions), and intejp''et 
this by saying that the water iilms become discontinuous, or very thii 
in places, at lower tensions in sands than in clays; but the generalit] 
of this for a wide range of soils has not yet been investigated. 

* J. Amer. Soc. Agron., 1936, a8, 297. For a further illustration, see G. J. Bouyoucoi, ■S” 
Set., 1947, 64, 71. .... 1. 

^Capillary conductivity sees. X lo^*. The unit ol’ capillary conductivity is i 
crossing i sq. cni. ol soil jKr second under a force of i dyne pci givun. 

^Hilgardia, 1939, X2, 
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Evaporation of Water from a Bare Soil 

The rate of loss of water from a damp soil is controlled by the 
evaporating power of the air and the heat energy falling on it, and so 
long as the soil can supply water to the surface fast enough to keep it 
moist, this rate of loss persists. The rate falls sharply, however, as soon 
as the rate of loss sufficiently exceeds the rate of supply for the surface 
to become dry, for then instead of the water vapour being produced 
at the soil surface, and diffusing immediately into the air to be rapidly 
removed by the air currents, it is produced below the soil surface and 
must diffuse through the soil pore space under a small concentration 
gradient before it reaches the atmosphere. Even a dry layer i to 2 mm. 
thick can appreciably reduce the rate of evaporation.’ 

The magnitude and rate of evaporation losses from soils with deep 
water tables can be illustrated with results obtained during the last 
seventy years from the fallow drain-gauges at Rothamsted. The rate 
of loss of the first ^ inch of water is controlled by the evaporating 
power of the air, and in summer this lasts for about five days, and 
the rate then drops rapidly from inch per day to about iV to inch 
per week, so that it is only after a six-week drought that an inch has 
been lost by evaporation from the bare soil; and the three-month 
drought of 1 92 1 , which lasted from June to August, only caused a total 
loss of I - 3 inch,® and it is unlikely that more than J inch of water moved 
up from the soil layer below 9 inches in depth into the layer 0-9 inches 
deep. Fig. 34 illustrates this result for the moisture content of a^bare 
soil at Rothamsted on 27 June, 1870, after a prolonged drought. 
Within the accuracy of the determination no water had moved up from 
below 18 inches and only about J inch from below 9 inches. The figure 
also gives the moisture distribution in a neighbouring plot carrying 
barley, and shows by way of contrast how the crop reduced the water 
content of the layer 45 to 54 inches deep. The figure further illustrates 
the importance of specifying the moisture contents on a volume and 
not a weight basis — a point that will be stressed later on — for the fallow 
plot happens to have a larger average pore space than the cropped, 
and hence can hold more water; so that if the comparison was made 
between moisture contents calculated on a weight basis, the barley 
would be judged to have removed much more water from the subsoil 
than it in fact had done. 

This result, that a bare Rothamsted soil can only lose about ^ inch of 
water rapidly by evaporation is not necessarily true in the laboratory, 
for there H. L. Penman® showed that it could lose about inches at 

' H. L. Pciiniuii, Agrk, Sci, 1941, 31, 454; 

“ H. L. Penman and R. K. Schofield, J. Agric, Scu, 1941, 31, 74 * 

’ J. Agfic. Sci., 1941, 31, 454. 
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Fio. 34. Volumes of soil, water and air at different depths of a fallow and of a cropped 
at Rothamsted on 27 June, 1870, after a prolonged drought (R. K. Schofield). 

the rate of ^^7 inch per day, that is, at the same initial rate as 1 
drain-gauge on typical June days but for over twice as long. But afte 
has lost about i j inches its rate of loss falls very rapidly to the jV ir 
or less per week, just as with the drain-gauge. This behaviour is slio 
graphically by the curve A D in Fig. 39, on p. 409, though in this figi 
the potential evaporation instead of the number of days is plotted 
abscissa, but, as already mentioned, the potential evaporation 01 
typical June day at Rothamsted is about i\j inch. The differejices 
‘x'^aviour between the drain-gauge and the laboratory soil is, in ft 
**■ ■ *hc effect of high evaporation rates in drying out the soil surft 
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and in consequence of preventing water moving to the surface at an 
appreciable rate; for the laboratory results were obtained by keeping 
the column of soil continuously in a constant-temperature room. But 
if the surface of this column was heated by shining an electric fire over 
it for 12 hours a day, to simulate the effect of a sunny June day, the soil 
then behaved like the drain-gauge soil— it could only lose about ^ inch 
of water at the rate of ^ inch a day before the rate of loss dropped 
rapidly to the ^ inch or less per week. 

The estimates of the loss of water from a bare soil at Rothamsted 
are not widely different from those made in subtropical arid climates. 
R. K. Dravid^ has given a figure in which the moisture content of a 
bare soil at different depths is plotted against time for the seven months’ 
iry season at Poona. After four months the surface soil had under 
[5 per cent moisture, the soil at 4 inches depth 10 per cent, at 8 inches 
per cent, and at 12 inches 25 per cent moisture. The moisture 
Items barely altered during the next three months, the main altera- 
n being a slight fall at 4 inches, due to evaporation, and at 12 inches, 
s to drainage. This loss of water from the subsqil by slow drainage 
kvnwards was overlooked by many of the early workers, who con- 
ded, quite wrongly, that this loss of water represented loss by 
iporation. A. T. Sen,^ by following the movements of the soluble 
ts in the soil, showed quite clearly that at the end of a seven-month 
Dught at Pusa there had been a little upward movement of water 
m above the three-foot deep level, and a continuous drainage of 
ter out of the soil from below this level; and R. K. Schofield has cal- 
lated that the total loss of water by evaporation from this soil during 
s period did not exceed 2 inches. 

A direct consequence of these results is that hoeing a soil, to maintain 
dust mulch, cannot appreciably reduce the rate of evaporation of 
Iter from the soil once a dry layer has been formed;* for the existence 
this layer, even if only a millimetre thick, involves the water having 
be vaporised below the soil surface and then having to diffuse 
rough the pore space before it can be removed into the atmosphere; 
d the rate of transfer of water vapour through a dry layer is much 
)wer than the rate of flow of liquid water through a corresponding 
ickness of damp soil. The rate of loss of water is, in fact, relatively 
sensitive to the thickness of this dry layer. It is possible, however, that 
)eing a wet soil, particularly during periods of slow evaporation, 
ight reduce the loss a little by giving a loose svurface which will be 
)lc to dry out quicker and hence stop surface evaporation. 

j_ Agric. |Srt., 1940, 10, 352. 

sV- * IndiOi Chem, Ser,, 1930, xo> S2i. ... r 

i'or an example which illustrates this point, sec F. J. Veilimeycr, Hilgardia, 1927, 2, 230, 

S.C .— 14 
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The further consequence of these results is that during the winter 
half-year at Rothamsted, from October to April, the evaporation from 
the soil is controlled by the evaporative power of the air, or by the 
amount of radiation received from the sun; for this is sufficiently low, 
and the rainfall sufficiently frequent, for the soil surface never to be 
properly dried out. But during the warmer months, from May to 
September — and even in some years in March, April and October— 
the evaporation is normally controlled by the number of days the soil 
surface remains wet, which in turn depends on the frequency of the 
rain showers and on their intensity, if they are only light, because the 
showers arc usually sufficiently infrequent and the evaporative power 
of the air, or the energy absorbed by the soil, sufficiently great for the 
soil surface to be dry for an appreciable number o^ days per month.^ 

This rainfall distribution effect is of great praalical importance in 
arid countries having summer rainfall, as in the dry farming wheat bell 
of the Canadian prairies, when summer fallows are iaken to store water 
for a succeeding crop. Frequent light falls of rain dn such fallows are 
evaporated soon after they fall and so cannot contribute to the soil 
moisture supply. Thus, J. W. Hopkins® has computed that at Swift 
Current, Saskatchewan, if i inch of rain falls on one day, f inch 
remains in the soil ten days afterwards, whereas if it falls as five 
separate showers, each of inch, on five consecutive days only ^ inch 
remained ten days afterw'ards. 

Evaporation from saline soils differs a little in detail from non-saline 
soils,. for evaporation from them leaves a saturated salt solution, and 
eventually, a salt efflorescence on the surface. A saturated salt solution, 
by having a low’er vapour pressure than a dilute solution, takes longer 
to evaporate, and hence longer for the dry surface layer to form; it 
allows, in fact, solution to move up for a longer time to the surface, 
and hence more solution to move up than if no salt was at the surface. 
This has the consequence that once a salt patch has formed in such a 
soil it grows at the expense of the neighbouring soil, so that instead 
of a small amount of salt being spread over a large area, it tends to 
get concentrated in all the hollows^of the land, as is illustrated in Plate 
XXXI. Hence the great importance on all irrigated fields ol' an 
absolutely level surface to prevent water standing in pools, and of a 
water table too deep to influence the moisture regime of the surface 
soil; for, as will be discussed in Chapter XXXIV, salt accumulation 
is the constant menace of all arid irrigation projects. 

’ R. K. Schofield and H. L. Penman, J. Agric. Sci., 1941, 31, 74; H. L. Penman, fii-'*'*. 
J. Roy. Met. Sac., 1940, 66, dOi. 

* Canad. J. Rcs.y 1940, 18 C, 388. 
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WATER AND PLANT GROWTH 

Water is an essential nutrient for plant growth, and it is needed in 
much larger quantities than any other; but whereas a large proportion 
of every other nutrient absorbed by the plant is retained, the out- 
standing characteristic of the water is its continuous one-way flow from 
the soil through the roots up the stems into the leaf surface, where it 
is evaporated mainly inside the stomata, through which it diffuses into 
the air. 

The rate at which water is transferred from the soil into the air by 
the plant is controlled by four separate processes: the transfer of water 
from the soil through the protoplasm of the cells of the absorbent 
rootlets into the vascular system; the transfer from the vascular system 
through the protoplasm of the leaf cells bounding the stomata; the 
energy supply falling on the leaves that can be used for evaporating 
(he water in the stomata and from the surface of the leaf; and the 
transfer of the water vapour from inside the stomata into the main 
body of the air by diffusion and convection. The transfer of the water 
up the vascular system from the rootlets to the leaves always appears 
(0 be more rapid than its transfer through the protoplasm of living 
cells, so never controls the speed of water movement. Plants growing 
in damp soil under normal English summer conditions usually have 
(heir rate of water loss controlled either by the amount of energy 
available for evaporating the water or by the rate of diffusion of this 
vapour into the air: they normally transfer water from the soil to the 
leaf cells faster than it is dissipated from the leaves as vapour. But under 
conditions cither of high evaporation, due to strong sunlight or hot 
drying winds, or of limited water supply in the soil, the root cells may 
no longer be able to transfer water from the soil to the vascular system 
as fast as the leaf cells are dissipating it: the leaves will then begin to 
lose water, causing those of many species to lose turgor and wilt. 

Shortage of water in the leaf has several effects besides causing it to 
wilt: the stomata close almost entirely, thus cutting down transpiration 
losses, but also photosynthesis, very considerably — and this is normally 
the first effect to be manifest; the leaf cells lose water, causing first the 
osrnotiq pressure of the cell sap to rise, and later the death of the cells, 
‘Old hence of the leaf. 

Most farm crops react to prolonged drought by shedding their leaves, 
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thus reducing the amount of water they transpire and hence their 
demands on the soil water; but they differ very considerably in the 
severity of drought they can withstand before all the leaves have been 
lost or have died. All young plants are very dependent on an adequate 
supply of water and are unable to withstand any appreciable drought; 
but as the plant grows older, it can usually survive periods of water 
shortage without any serious injury, particularly if the drought occurs 
during overcast weather. It is only during the later stages of growth 
that marked differences in the ability of different crops to withstand 
drought become important. Sorghums, such as durra, kafir and milo 
— the characteristic summer cereals of the semi-desert — can, when well 
established, withstand droughts that would kill most semi-humid crops, 
because their leaves are so constructed that they Can become dormant 
during spells of weather hot and dry enough to kill the leaves of 
non-desert crops. \ 

The direct effect of drought on a crop is thus fuifdamentally on the 
amount of leaf the crop is able to carry. Its effect Can be well studied 
on cereals, for their growth in many parts of the world is limited by 
water shortage. Moderate drought on an established cereal crop can 
cause an appreciable loss of leaf, and hence of straw, without any great 
loss of grain, though it tends to bring the crop to maturity earlier. As 
the drought becomes more severe the crop will come to maturity 
increasingly earlier and the grain yield will fall more rapidly than the 
straw, until a condition is reached when there is not' enough water for 
the crop to form any grain. On the other hand, if a crop grown under 
moderately dry conditions is irrigated, increasing the amount ol the 
irrigation water will increase the amount of leaf, and hence the straw 
yield much more than the grain, as is shown by some experiments of 
J. A. Widtsoe,^ given in Table 86. 

The effect of water above the minimum required to allow a normal 
plant to develop depends on the time at which this additional water is 


TABLE 86 

Yield of Wheat with Increasing Quantities of Irrigation Water 
(Greenville Farm, Utah) 


irrigation water: inches 

S- 

7-5 

15 

25 

50 

Yield of grain, cwt. per acre 

197 

21-3 

22-8 

23-0 

23-5 

Yield of straw, cwt. per acre 

25 

28 

33 

37 

48 

Ratio grain /straw 

0-80 

0 76 

0-69 

0-63 

0-49 


Average rainfall during growing period, 5-0 in. 
^ Utah Agrk. ExpU Sta», Bull, 116, 1912. 
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given. When the plant is young the extra water is not only usually 
tt'asted, but may have incidental harmful effects on the soil structure 
and the air supply to the roots. This is illustrated by the results of 
some experiments of A. T. Bartel and C. Hobart* with wheat in the 
arid Salt River Valley of Arizona, which are given in Table 87. They 
show that water in excess of 6 inches, of which 3 inches came from 
rainfall, early in the life of the crop appears to be harmful, whilst 
during the period of maximum growth, from the commencement of 
rapid shoot growth until the soft dough stage of the grain, the crop has 
a very considerable water demand. This harmful effect of excess 

TABLE 87 

Effect of Distribution of Irrigation Water on Yield of Wheat 
(Salt River Experiment Station, Arizona) 


Inches of irrigation water given up to 


tillering 

3 6 

3 

9 

6 

12 

Inches given after tillering . 

15 12 

9 

9 

6 

6 

Yield of grain, bushels per acre 

43 39 

39 

37 

34 

30 

Yield of straw, cwt. per acre 

66 56 

57 

46 

46 

39 

\\(Tagc rainfall for the three months before tillering, 3-0 in.; 

tillering to harvest, 0*5 in. 

and for the three montlis from 


irrigation water can be seen on the yield of a perennial crop such as 
ucerne hay, and two examples from California are given in Table 88. 
Nearly, water in excess of 36 to 42 inches is unnecessary, and the 
fficiency of each inch of water used, up to 30 inches on the heavier 
md 36 inches on the lighter soils, either remains constant or slightly 
ncrcases. 

These results appeair to be fairly clear cut, but the optimum supplies 
3 f water found in these experiments may be in excess of the plant’s 
needs owing to the difficulty of ensurii^ uniform penetration of the 
water, and it is probable that the same maximum yields could have 
l>ecn obtained with less water if it had been uniformly sprayed over 
the crop. Many field experiments have, in fact, given less consistent 
nnd reliable results due to the large number of complicating factors 
that can enter, and many examples showing the tiery variable response 
of the crop to additional irrigation water can be found in B. A. 
Etcheverry and S. T. Harding’s book on Irrigation Practice.® 

The water supply affects the amount of nutrients taken up by the 
P'iint, for as it increases so does the adsorption of mineral matter, 

‘•tir.oM Agric. Expt. Sla., Bull. 151, 1935. * Vol I, and ed., New York, 1933. 
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particularly calcium, increase, as is shown for wheat in Table 90.1 
On the other hand, the uptake of nitrogen appears to be almost inde- 
pendent of the water supply, so that since the yield increases with in- 
creasing water supply, the nitrogen content of the plant decreases 
and this decrease is reflected in both the grain and the straw. 

TABLE 88 

Effect of Amount of Irrigation Water used on Yields of Lucerne Hay 

(California) 


Soil 

Fine sandy loam^ 

Fine sand=* 

inches of water 

Inches of water 

Yield. 

Inches of wjater 

Yield. 

supplied 

per irrigation 

tons per acre 

per irrigation 
\ 

tons per acr .2 

0 

— 

3-9 



12 

6 

5-6 

4 \ 

5-3 

18 

6 

6-8 

6 

5-7 

24 

6 

• 

7-9 

6 

6-3 

30 

7-5 

9-0 

6 

7-2 

36 

9 

9-3 

6 

8-2 

42 

— 

— 

7 

8-7 

48 

12 

90 

8 

8-4 

60 

IS 

8-4 

10 

8-2 


• TABLE 89 

Percentages of Nitrogen, Ash, Phosphorus, Potassium, Calcium, and 
Magnesium in Wheat Grain Grown under Irrigation 
(Logan, Utah) 


Amount of 
irrigation water 

Ca'cium 

Magnesium 

Nitrogen 

Phosphorus 

Potassium 

Ash 

Per 

cent 

ib. per 
acre 

Per 

cent 

Ib. per 
acre 

Per 

cent 

Ib. per 
acre 

Per 

cent 

Ib. per 
acre 

Per 

cent 

lb. per 
acre 

Per 

cent 

ib per 
aci e 

None 

O' 103 

2*31 

0*170 

3*82 

2*39 

53*8 

0*295 

6-64 

0*396 

8*92 

1*56 

35 1 

5 inches 

0-107 

2*02 

0-171 

3-54« 

2*16 

44*9 

0-301 

6*38 

0-414 

8*97 

1*5^ 

34 2 

10 .. ... 

0*122 

2*63 

0*172 

3-65 

2*18 

47-1 

0*306 

6*38 

0-439 

9*49 

1 57 

354 

15 

0*165 

3*53 

0*172 

3*23 

1*99 

42-4 

0*323 

6*87 

0-491 

10*47 

1*71 

36*4 

20 

0*195 

3*78 

0*198 

3-77 

1*98 

37*7 

0-371 

7-08 

0-490 

9-35 

2*01 ! 

38 5 

35 „ ... 

0*711 

4-72 

0-207 

4*64 

2-01 

45-1 

0-«458 

10*24 

0*534 

11*95 

2*28 

5! ' 

67*5 . . 

0*262 

5-64 

0*224 

4*80 

2-06 

447 

0-424 

9*12 

0-535 

11*50 

2*19 

47' i 



1 










— 


This result is of special interest for wheat and barley, since the! 
nitrogen content of the grain affects their market value: high nitrogen | 

* J. E. Greaves and E. G. Carter, J. Biol. Chem., 1923, 58 , 531. See also J. E. Greavrs and j 
D, H. Nelson, J. Agric. Res,^ 1925, 31, 183. 

^ S. H. Beckett and R. D. Robertson, Calif, Agric, ExpL Sta., Bull. 280, 1917. 

• S. H. Beckett and M. R. Huberty, Calif. Agric. Expt. Sta., Bull. 450, 1928, 
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content in wheat usually gives a strong flour and a good loaf, whilst 
low nitrogen content in barley usually gives a good malt and a bright 
beer. General field experience shows, in accordance with this rule, 
that the quality of a given variety of wheat is usually highest in dry 
years and of barley in wet ones. Thus, in C. H. Bailey’s’^ examination 
of the data for spring wheat, gathered in sixteen counties of Minnesota, 
the results were: 

Rainfall: Apr. I-Sept. I, inches 12-14 14-16 16-18 18-20 20-22 22-24 
Nitrogen, per cent in grain . 2-62 2-41 214 2-35 2-26 2-04 

and in F. T. Shutt’s® comparison of wheat grown under irrigation at 
Invermere, British Columbia, and under dry land conditions at 
Lethbridge, Alberta, the percentages of protein in the wheat grain were: 

1 st Year 2 nd Year 3 rd Year 
Irrigated . . . 1402 16 93 13-91 

Dryland . . , 16*70 18-47 18-18 



Fig, 35. The effect of an additional inch of rain above the average in any month on the 
niti'ogcn content of barley grain at Woburn, 


In England the nitrogen content of barley grain is reduced by rain 
falling during the growing season, particularly in May and June, as 
is shown in Fig. 35;® the relation between these two is, in fact, suffi- 
ciently close for a reasonable forecast to be made of the nitrogen content 

of the grain about two months before harvest.* 

« 

The Amount of Water Transpired by a Crop 

Much interest has been taken in determining the weight of water 
a plant must transpire to produce a unit weight of dry matter in its 
aerial parts, i.e. excluding the dry matter in the roots; and this weight 
of water has been called the transpiration coefficient or ratio of the 

‘A/mnwoto Agric. Expt. S(a., Bull. 131, 1913. 

Irons’ Rojf. Soc. Canada, 1935, 39 , Sect. 3, 37. 

J. Russell and J, A. Voclcker, Fifty Tears of Field Experimmts at the Woburn Expenment, 
London, 1936! * E. J. Russell and L, R. Bishop, J. Inst. Brew.^ 1933, 39, 287. 
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crop. As long ago as 1850 J. B, Lawes^ published the results of some 
experiments made at Rothamsted, in which he found that wheat, 
barley, clover, beans and peas all used about 200 to 270 lb. of water 
for each pound of dry matter produced, and subsequent workers in 
western Europe have obtained similar figures.* On the other hand, 
workers in the semi-arid regions of the U.S.A. have found much higher 
values, as is shown in Table 90, which summarises many results 
obtained by L. J. Briggs and H. L. Shantz* at Akron, Colorado. These 
variations clearly show that plants do not have unique transpiration 
coefficients. 


TABLE 90 


Transpiration Coefficients of Various Cropi in Colorado 


Crop 

Extreme values for 
different varieties\ 

\ 

Mean value for crop 

Proso 

268 to 341 

293 

Millet 

261 to 444 

310 

Sorghum ...... 

285 to 467 

322 

Maize 

315 to 413 

368 

Wheat 

473 to 559 

513 

Barley 

502 to 556 

534 

Oats 

559 to 622 

597 

Flax 


905 

Sugar-beet 

— 

397 

Potato 


636 

Cow-pea 


571 

Clover 

789 to 805 

797 

Lucerne ...... 

651 to 963 

83 i 

Grasses 

— 

861 

Various native plants (i.e. weeds) 

277 to 1076 

— 


The amount of water transpired by a crop is controlled by the 
meteorological conditions prevailing — the rainfall and the evaporating 
power of the air — rather than by the amount of growth it makes. An 
extreme example of this is furnished by some results obtained on the 
permanent hay plots at Rothamsted in 1870. The spring was very 
dry — the rainfall during the period April to June being only 2-8 inches ^ 
— which is well under half the average for this period. The amount 1 
of water left in the soil shortly after the hay harvest was determined 


^ J. Hort, Soc. London, 1850, 5, 38. . j W L 

* For a very full review of the results obtained before 19* 3» see b. J, Bnggs and ri. • 

Shantz, U,S, Dept, Agric., Bur. Plant Indust., Bull. 285, 1913, and for a more rccent^suinma^j j 
sec C. H. Lee’s contribution in Physics of ike Earth — IX Hydrology, ed. by O. E. Mei > j 
New York, 1942. . _ ^ 

• J. Agric. Res,, 1 914, 3, i . Sec also H, L. Shantz and R, L, Picmeisel, ibid., 1 927 , 34 
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on three plots: that receiving no manure and which yielded 5I cwt. 
of hay per acre, about a quarter of its average yield; that receiving 
complete minerals and about 80 lb. of nitrogen as ammonium salts 
each year and which yielded 30 cwt. of hay, about a half of its average 
yield; and that receiving complete minerals and about 85 lb. of nitrogen 
as nitrate of soda each year, and which yielded 56 cwt. of hay, about 
its average yield. The water deficit in the soil, i.e. the amount of water 
the crop took from the soil over and above that received during the 
growing season from the rain was, however, surprisingly independent 
of the yield of hay; it was about 3 inches, confined to the top 27 inches 
of soil, on the unmanured plot and about 4 inches, confined to the 
top 36 inches of soil, on the manured.^ Thus, the nitrate of soda crop 
used about 7 inches of water — 3 inches from the rainfall and 4 inches 
from the soil — to produce 56 cwt. of hay, whilst the unmanured crop 
used about 6 inches of water — 3 inches from the rainfall and 3 inches 
from the soil — to produce just one-tenth the weight of herbage; and 
the reason it did not transpire the extra inch of water is probably 
because it was too starved to send its roots down as deep as the manured 
plants did, so its leaves were dying or dead when those of the manured 
plants were transpiring the last inch. This result appears to be out of 
line with the general result of arid farming, namely, that unmanured 
grain crops are more drought-resistant than those fully manured, but 
the explanation probably lies in the reduced drought resistance of the 
more succulent leaves of the manured crop rather than in its increased 
water demands. 

The amount of water a crop transpires depends on the amount of 
water available to the crop, on the period of the day in which the 
stomata of the leaves of the crop are open and on the solar energy 
falling on the crop. For turgid crops with open stomata, the amount 
of water transpired depends on the energy available, for most of the 
energy absorbed by the leaves that is not reflected or re-radiated is 
used to evaporate water. 

H. L. Penman® has shown that it is possible to calculate the amount 
of water evaporated from an open water surface or a wet, bare soil or 
an actively growing crop from considerations of the energy balance 
and the evaporative power of the air at the evaporating surface, and 
he has derived equations connecting the rate of evaporation with data 
obtained or obtainable by meteorological observations. Of the solar 
energy falling on a wet surface, part is reflected back, part is re-radiated 
as long-wave radiation (see p. 354), part is used to heat up the absorbing 

. ' J. B. I^wes and J. H. GUbert, J. Roy. Agne. Soe., 1871, 7, i. The figures givra here have 
recalculated on a volume basis by Dr. R. K, Schofield, to whom I am indebted for 

tlieru. 

^^roc, Roy, Soc,, 1948, 193 A, 120, 
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material and the air around it, part is used in photosynthesis, and 
the remainder evaporates water at the rate of approximately i gm, 
per 590 calories, the exact amount depending on the surface tempera- 
ture of the leaf. The part used by crops for photosynthesis is negligible 
being about one-half of i per cent. The part used for heating the soil 
or the plant itself is small if taken over a period of several days, though 
not over shorter periods (see p. 360). The part reflected back can be 
determined experimentally, and the parts re-radiated as long-wave 
radiation and used to heat the air can be approximately calculated 
from meteorological observations. Again, the power of the air to carrv 
away the water vapour that evaporates from the wet surface depends 
on the temperature of the evaporating surface, on the temperature and 
water vapour content of the air, and on its rate of movement over the 
surface; and it can also be calculated approximiately from meteoro- 
logical data. \ 

Penman made the calculation in three ways, jijnd has given semi- 
empirical results so that they could be expressed in\ terms of quantities 
that are either measured by meteorological stations or could be so 
measured. The simplest of his results connects the evaporation E from 
an open water surface with the speed of the wind and the saturation 
deficit of the air, namely: 

E 0-35 {e, — «</) (i -f o-oogfltta) mm. per day 
^ 0-37 [e, — e^) B mm. per day 

where f, is the vapour pressure of the water at the water surface, ej is 
the vapour pressure of the air in bulk at the dew-point, Uj is the speed 
of the wind 2 metres above ground-level in miles per day, and B is the 
mean force of the wind on the Beaufort scale. The quantity most 
difficult to measure, and least commonly measured is e„ which depends 
on the temperature of the water surface. For a crop e, depends on the 
temperature of the transpiring leaf, and is not only a quantity ven 
difficult to measure, but also varies with the position of the leaf on the 
plant. One could determine a mean exposed leaf temperature; but this 
problem can be circumvented, as this term can be eliminated and re- 
placed by the vapour pressure of saturated air at the mean air tempera 
ture, a quantity that can easily be determined, but the resulting equation 
is far more complicated than the simple one given above. 

. These calculations give results for the amount of water evaporated 
from an open water surface or a wet, bare soil that are in satisfactory 
agreement with observation, considering the limitations of the equs' 
tions used. However, if applied directly to a growing crop they gi''^ 
transpirations definitely in excess of those observed. Thus, the artua 
transpiration from turf is only about 80 per cent of the computed m i 
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summer, about 70 per cent during the spring and autumn, and about 
60 per cent in winter. This difference is due to the behaviour of the 
stomata. When the stomata are open, the leaf behaves as an open 
water surface because the rate of removal of water vapour from the 
surface of the leaf into the body of the atmosphere is usually slower 
than the rate of diffusion of water vapour through the stomatal open- 
ings, even though they only occupy i to 3 per cent of the leaf area. 
This is the normal condition of a turgid leaf during the day-time. But 
at night-time the stomata close, and then the resistance to the diffusion 


o Observed 
• Estimated 



I Feb. I March I April l May f June 1 July I Aug. I Sept I Oct 

Fio. 36. The observed and computed evaporation from a turf soil at Rothamsted. 

(Water table 16 in. below the surface.) 

* 

of water vapour from the inside of the leaf to the outside limits the 
rate of transpiration. Hence, the shorter the hours of daylight, the 
shorter the proportion of the day that the leaf behaves as an open 
water surface, and the greater the difference between the amounts of 
water lost by an open water surface and the crop, in accord with 
Penman’s findings. Fig. 36 gives an example of the concordance 
between the measured and the calculated transpiration from a turf 
surface at Rothamsted, and also of the difficulties of making an accurate 
calculation because the divergence between the two curves could 
easily be due to inaccuracies in the estimates of some of the physical 
cjuantities in the equation. 

A consequence of Penman’s work is that the transpiration from an 
actively growing, or a turgid, crop is primarily dependent on meteoro- 
logical conditions, and only dependent on the crop in so far as the 
behaviour of stomatal openings and closing vary. But this calculation 
only valid if the crop covers an appreciable area of land: it is not 
valid for individual plants in isolation nor for crops in small areas 
"'ith unusual exposures. It enables one to compute, from standard 
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meteorological data, the amount of water a turgid crop will transpire; 
and the values so calculated for the average seasonal transpiration of 
a turgid crop at Rothamstcd are given in Table 91, along with the 
average rainfall and drainage through a bare soil. 

TABLE 91 

Evaporation from a Bare Soil and Transpiration by Grass at 

Rothamsted 

{Average for 1931-40) 

In inches of water 



Rainfall 

Drainage 
through 
bare soil 

1 

Evapora- 
tion from 
bare 

Calculated 

trans- 

piration 

Rainfall 

minus 

trans- 

piration 

Winter (4 months). Nov. to 



T 



Feb 

10-8 

8-6 

2-2 \ 
2-2 ^ 

0-5 

10-3 

Spring, March-April . 

4-0 

1-8 

27 

13 

Autumn, Sept.-Oct.* . 

5-2 

21 

31 

2-1 

31 

Total for the 4 equinoctial 






months .... 

9-2 

3-9 

5-3 

4-8 

4.4 

Summer (4 months), May- 






Aug 

8-2 

2-0 

6-2 

12-9 

-47 

Total for year . 

28-2 

14-5 

137 

18-2 

10-0 


The table shows that a deficit is built up under a continuously 
growing crop in the summer, which is not made up on the average 
until some time in November. The figures given for the transpiration 
are, however, a little uncertain, particularly for the winter period, 
where the transpiration is probably somewhat under-estimated, but 
they are of the right order of magnitude, for D. Lloyd^ has calculated, 
from rainfall and river discharge data, that the average annual evapora- 
tion and transpiration from the watershed of the Lea, near which 
Rothamsted is situated, is about 19 inches, though this estimate is 
known to be a little too high, as* not all the rain-water entering the 
ground-water under the watershed finds its way into the river. 

The table also allows one to calculate how much water a crop niu:t 
be able to take from the soil to remain turgid for any specified seasonal 
rainfall, or, alternatively, how much water must be removed by 
drainage. 

One consequence of the amount of water used by crops depending 
primarily on the energy supply or the evaporative power of the air, is 
that all the water falling on the crop, whether as light drizzle or dew 

^ Quart, J, Roy, Met, Soc,, 1941, 67, 33. 
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or whether as a definite rain storm, is as effective in contributing to 
the water requirements of the crop as is the water removed from the 
soil. There is no question here of light showers contributing nothing 
to the water requirements of the crop, in the way that they usually 
contribute nothing to the water supplies of the soil — every thousandth 
of an inch of rainfall, however long it take to fall, on being evaporated 
from the plant leaves or stems reduces the plants’ demands on the soil 
water by this amount. 

The total water used by different plants or crops in a year depends 
on the periods at which crops are making active growth: broad-leaved 
evergreen crops near a water table, or in a high rainfall region, will 
transpire more water per year than deciduous crops or crops which 
arc only growing for short periods of the year, and then either mature 
or become dormant. C. H. Lee^ has collected together many different 
estimates of the amount of water actually transpired by crops. They 
reach 5 to 6 feet a year for evergreen trees and marsh grasses in tropical 
swamps and river bottoms, such as in the Nile Sudd, and are about 
24 to 36 inches for perennial crops, such as lucerqe and pastures, in 
the typical irrigated areas of the world, and about 1 8 to 30 inches for 
short season crops, such as the small grains and deciduous orchards. 

Plants can transpire up to J inch of water in a summer’s day at 
Rothamsted, and they will certainly transpire more than this in hot, 
dr)' climates. In Saskatchewan® wheat can transpire o-2 inch of water 
daily over a seventy-day period, and in windy weather during the heat 
of summer up to 0-3 inch a day. 

Some of the methods employed for reducing the effect of droughts 
arc immediately obvious from these results. The earlier in summer a 
crop matures the less water it \vill need, as it will be maturing at a 
time of high or increasing daily water demands. Crops growing 
throughout the summer and maturing in autumn, e.g. sugar-beet in 
this country, will tend to have heavy water demands, as they have to 
grow throughout the period of maximum transpiration; and for these 
crops early maturity is of limited value, as it will only save days in late 
autumn, a period of rapidly decreasing daily water demands. Perma- 
nent crops, such as pastures and leys, make the heaviest demands of all 
if they are to grow throughout the year, which they can only do if the 
annual rainfall is in excess of the transpiration, and also if a considerable 
[ proportion of it falls during the summer months. 


^Hydrology, ed. O. E. Meinzer, chap, viii ,1942. 
* Soil Res. Lab., Swift River, Sask., Rept., 1943. 
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THE TRANSFER OF WATER FROM SOIL 
TO PLANT 

The Wilting Range in Soils 

The roots of the plant supply it with the greater proportion of th( 
water it uses during its lifetime, hence the rate! the root system car 
extract water from the soil during dry periooB is of fundamental 
importance in the development of the crop. During hot, dry wealhei 
the leaves of many plants wilt whenever water is^not being supplied 
to their cells quickly enough: they can wilt at midday in hot sunny 
weather when the plants are growing in damp soil because water cannot 
pass through the protoplasm of the root and leaf cells quickly enough, 
but they normally recover turgor early in the afternoon under these 
circumstances; or they can wilt because the roots cannot move water 
out of the soil quickly enough, in which case they may not recover 
turgor until the late afternoon or evening. As the soil around the roots 
becomes drier, water moves into the roots more slowly, and it takes 
longer for the leaves to regain their turgor, until a time is reached when 
first the mature leaves and later the younger leaves cease to regain 
turgor before transpiration begins again next day. 

Plant roots can only extract water from a soil if they can apply a 
sufficiently great suction to move it out of the pore space. As the soil 
dries, so the suction needed to extract water rises and the rate of 
movement of water into a given length of root decreases, which may 
sometimes have the consequence that if the crop is growing in conditions 
conducive to high rates of transpiration, the actual maximum rate it 
can reach will decrease as the soil dries.* The maximum suction roots 
can exert on the soil water does not appear to be a very definite 
quantity, but if the water is held at suctions higher than about 7 atm. 
— the first permanent wil ting-point of the soil* — the roots appeal 
to be unable to extract sufficient water to keep the whole plant of 
most farm crops turgid when placed in a saturated atmosphere, i.e. w 
an atmosphere where transpiration cannot take place; and if above 
about 20 to 30 atm. — the ultimate wilting-point — to keep any leaves 
^ S. I Dolgov, C,R. Acad. Sci. {U.S.S.R.), 1947, 55, 449. 

* L. A. Richards and L. R. Weaver, J. A^ric. Res.y 1944, 69, 215. 1 

M. R. Furr and C. A. Taylor, UX Dept. Apjic.^ Tich. Bull. 640, 1939; J. 1 ^- 
J. O. Rorve, J. Agrir, Res., 1945, 71, 1.^9. 
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turgid. The water held between these two suctions is sufficiently available 
to the roots for the maintenance of life, but not for growth; that held at 
suctions less than that corresponding to the first permanent wilting-point 
niay be, but is not necessarily, readily available for growth. 

This conception of a permanent wilting range in the soil has not 
been used by all workers, although L. J. Briggs and H. L. Shanlz, in 
their classical paper^ on the subject, clearly stated that such a range 
exists; they defined the wilting coefficient of a soil as the moisture 
content that would no longer support plant growth: most plants 
growing in drier soil than this could still extract enough water to 
maintain life. 

The great difficulty of determining any permanent wilting-point for 
a soil lies in the uncertainty of deciding exactly when the plant remains 
wilted in a saturated atmosphere. The difficulty, however, is of less 
importance than one might expect, for the moisture content of most 
soils does not vary very much between suctions of lo to 20 atm., or 
roughly between pY 4*0 and 4*3. Nor does the wilting-point depend 
veiy much on the plant, for again, although the , maximum suctions 
difl'erent plant roots exert differ somewhat, this does not greatly alter 
the moisture content at which wilting takes place for the same reason. 
The suction at wilting-point is commonly taken as either 15 atm.,^ 
or pY 4‘2^ (16 atm.), and it must be accepted with the provisos that 
there should be a fairly rapid drop in the availability of the soil water 
lo ihc plant in the neighbourhood of this suction; that no two observers 
necessarily agree exactly when a plant has reached its wilting-point; 
and that different plants exert different suctions before they reach their 
wilting-points. 

The discussion in the previous paragraphs has implicitly assumed 
that the water in the soil is present as pure water; but in fact it contains 
dissolved salts, which cause it to have an osmotic pressure. The osmotic 
pressure of a solution is the pressure one must exert to force pure water 
through a membrane permeable to water but not to salts into the 
solution. The cell sap in the roots also contains dissolved substances, 
so can exert an osmotic pressure against pure \vater, and the root can 
only extract water from the soil if tlic osmotic pressure in the root cells 
i'* appreciably higher than that in the soil solution, which is the name 
given to the water in the soil. This fact must not be taken to mean 
^hat the transfer of water from the soil solution to the plant root is 
purely an osmotic phenomenon, for it only takes place if the roots are 
properly aerated, implying either that the roots expend energy in 
Quaking the transfer or in maintaining their semi-permeable membranes. 

' l .,s\ Dept, A^i>ric„ Bur, Plant Induct., Btdl. 230, 1912. 

‘ ^ • A. Richards and L. R. tVra\cr, Soil Sii, 1943, $6, 331. 

" J. B. da Costa, J. Scl, 1938, 28, G30. for a discussion on this figure. 
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Now the osmotic pressure of the cell sap of agricultural crops appears 
to be between lo and 20 atm., and is probably rather higher for 
plants that have been growing in conditions of water shortage or in 
solutions having an appreciable osmotic pressure than for those that 
have been growing with a good supply of fairly pure water. Now no 
crop can make any appreciable growth in a solution having an osmotic 
pressure of 10 atm., and some crops have their growth affected if the 
osmotic pressure of the solution exceeds 2 atm., and their growth may 
be reduced in proportion as the osmotic pressure rises from 2 to about 
10 atm.^ 

The osmotic pressure of the soil solution depends on the amount of 
salt and the amount of water present in the soil; hence, as the soil 
dries, so the osmotic pressure of the soil solution Ifncreases. For normal 
soils in the temperate regions the osmotic pressure of the soil solution 
at tlie wilting-point is under 2 atm., although it ipay be above this on 
sandy soils which have been given large dressings\ of soluble fertilisers, 
as happens sometimes in intensive market-garden kreas.^ But in many 
semi-arid areas th^ soil may contain enough salts for the osmotic 
pressure of the soil solution to be well above 2 atm. even when the 
water is held at a suction well below the 15 atm. of the normally 
defined wilting-point. 

The soil water is only at a suction of between 10 and 15 atm. or over 
in a soil carrying a permanently wilted crop if the osmotic pressure 
of the soil solution is low. If it is appreciable, the plants wilt per- 
manently when the soil water is at lower suctions than this. The case 
with which plant roots extract water from the soil seems to depend, 
not on the suction of the water in the soil, but on its free energy; and 
these two arc only equivalent when the water contains no dissolved 
substances. The free energy of a solution in a soil is approximately 
the sum of the free energy change due to the dissolved salts and tha( due 
to the curved air-water menisci bounding the solution in the soil pores, 
Both of these quantities can be measured in units of atmospheres. 
Hence, if the osmotic pressure of the solution is 3 atm., and it is under 
a suction of 3 atm. in the soil pores, then plant roots will have at least 
the same difficulty in using the water from this solution as they would 
if the soil contained pure water at a suction of 6 atm. 

Some work of C. H. Wadleigh and his co-workers illustrates these 
points well. Thus Fig. 37 ^ shows the effect of the free energy of the 
water supply on the growth of beans. The plants were grown in a 
loam soil to which no sodium chloride or 01, 0-2 or 0-4 per cent of 

1 F. M. Eaton, J. Agnc. Res., 1942, 64, 357; O. C. Ma^istad and R. F. Rcitcnu ler, Soil 
Sci., 1943, 55, 351; C. H. Wadleigh and A. D. Aycis, Riant Phy^wi, 1945, 20, mf). 

® L. M. White and W. H. Ross. J. Agric. Res., 1939, 59, 81. 

® With A. D. Ayers, Plant Phyiiol., 1945, 20. loG. 
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sodium chloride had been added, and were watered when the average 
nioisture content of the soil had fallen half-way, two-thirds way and 
nine-tenths way from field capacity to the wilting-point, as determined 
in the salt-free soil. Again, they showed^ that beans, maize, lucerne 
and cotton could extract water from soils with free energy reductions 
of 8 to 9, 10*5 1^*5? 12 to 13 and 1 6 to 17 atm. respectively when 
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only about 2 atm. was due to the suction with which the soil held the 
solution, and the remainder to the osmotic pressure caused by the 
dissolved salts, in this case sodium chloride at concentrations of 0*1, 
0*15^ 0-25 and over 0*25 per cent respectively. However, at these high 
salt concentrations the actual growth of cotton and lucerne was much 
restricted. The effect of salts on plant growth will, however, be dis- 
eussed in Chapter XXXIV, but here it is relevant to mention that plants 
do not wilt so sharply when growing in salt solutions, and the leaves 
^^eep their turgor even when very little water is being transpired and 
'ehen the moisture stress is so high that all growth has ceased. 

1 Soil Sci, 1947, 63.. 341. 
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The Available Water in Soils 

Plants growing in soils of low salt content under drought conditions 
can dry the soil in their root zone considerably below field capacity 
before they begin to suffer from lack of water. Veihmeyer and his 
associates,^ working mainly with irrigated orchard crops, have main* 
tained that all the water in the root zone held at a suction less than 
the permanent wilting suction is readily available to the crop, and 
that there is no advantage in irrigating a crop until it has used up all 
this water. They could, therefore, define quite definitely the quantity 
of available water a soil can hold: it is the water held between the 
field capacity and the permanent wil ting-point; ^nd, in their view, it 
is all equally available to the crop for its growth. This concept of 
available water is only of value if Veihmeyer’s assumption that all this 
water is equally available to all plants is correct: it becomes meaningless 
if the assumption is seriously wrong. In the firsh place plants have 
varying abilities to extract water from soil: maize^^ and potatoes, lor 
example, cannot take as much water as the small grains or lucerne. 
In the second place* the actual values for the available water obtained 
by Veihmeyer are subject to an uncertainty, for he determines the 
permanent wilting-point of the soil not when it is in its natural condi- 
tion, but only after it has been dried and passed through a 2-mm. sieve. 
Hence, his values for available water depend on the additional assump- 
tions that the salt content of his sample in the laboratory is the same 
as the soil in the field when near its wilting-point, and that the moisture 
content of the soil at its permanent wilting-point is independent of the 
actual structure of the soil — an assumption that is certainly approxi- 
mately correct for many soils, but whose validity has not been critically 
examined for a sufliciently wide range of soil types for its limitations 
to be known. 

Veihmeyer’s assumption appears to be valid for a wide range ol 
crops and soils in the field, and it has been extensively used to predict 
when irrigation is necessary, and how much water should be given at 
each irrigation. But it is not universally true in the field, and the 
conditions under which it fails are not yet clearly defined. The sur- 
prising feature, however, is that it should be of any practical value, 
for, as already shown in Fig. 37 for. beans, and as both G. H. Davies- and 
J. L. Haynes^ have shown for maize, when these plants are grown in 
controlled laboratory conditions, their growth is roughly inversely 

M^’or prunt* and peach trec.s, see IJtlgardia, 1927, 2, 125; Calif. Ai^ric. Expi. Sin., Bali 
479, 1929, and 573, 1931; tor apples and pears, Bull. 6G7, 1942; Idr cotton, Bull- ■ 
1942; for grapes, hoc. Amer. Soc. Hurt. Sci., 1931, 28, 151; for walnuts, 1937’ ,35* - ‘J' 
and lor growth rates of fruit on peans, peaches and prunes, 1942, 40, 13; for sugai-ixf^ • 
L. D. Donecn, Ann. Amer. Sa. Sugar-Beet Tech., 1942. 

^ Bot. Gaz., 1940, loi, 791. “ J* Arner. Soc. Agron., 1948, 40, 3!^* 
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proportional to the suction of the water in the soil, decreasing continu- 
ously as the suction rises from about i atm., i.e. just drier than field 
capacity. 

Veihmeyer’s assumption will fail whenever the plant roots cannot 
ramify throughout the soil zone sufficiently uniformly to extract all 
the usable water fairly rapidly, for once the soil in the immediate 
neighbourhood of the plant root is in the wilting range, water can only 
move very slowly from moister soil through this zone. Hence the ten- 
dency for crops which make a great weight of root system, and which 
therefore can ramify through the whole soil mass, to extract more 
water from a soil than those which have a smaller system.^ Again, 
M. R- Lewis and his co-workers,® studying pears in some heavy Oregon 
soils, and J. R. Furr and C. A. Taylor,® studying lemons in some heavy 
Californian soils, found that the trees suffered from water shortage when 
only one-third of the available water in the top 3 to 4 feet had been used, 
but they also found that in these soils the tree roots were very unevenly 
distributed throughout the root zone. 

Veihmeyer’s assumption can also fail on light soils. Thus, Furr and 
Taylor in California, and H. R. Oppenheimer and D. L. Elze in 
Palestine,* working with citrus — lemons, oranges and grape-fruit — on 
light soils found that the rate of fruit growth could be limited by lack 
of water before the transpiration rate was affected and whilst the 
moisture content of the soil in the top 3 to 4 feet was above the wilting- 
point under conditions when the roots were evenly distributed through- 
out the soil. 

These failures could be due to a wrong value of the wilting-'point 
moisture being used through the soil having a lower salt content when 
brought into the laboratory for the determination of its wilting-point 
than when it is near its wilting-point in the field. How’ever, it is 
unlikely this is the sole cause of the failure, even if it is of any importance, 
for K. Mendel® found that the stomata of orange leaves close during 
the heat of the day, and they remain closed all day when the suction 
of the water in the soil has risen to 3-5 atm. 

• 

The Amount of Available Water held by a Soil 

The amount of water held by a soil that is available to plants depends 
on the amount held per unit volume of soil and on the depth of soil 
from which plants can extract their water. All measurements and 
calculations of available water should always be made on the volume 

’ For example, see R. D. Lane and A. L. MrComb, J, Forestry, I94^> 344 - 

* U.S.'Defit. Aerie., Tech. Dull. 432, 1934; Plant Physiol., 1935, 10, 309. 

“ U.S. Dept. Agric., Tech. Bull. 640, 1939. * Rehovoth Agrie. Res. Stat., Bull. 31, !94i. 

‘ Rehovoth Agric. Res. Stat., Bull. 37, I 945 ' 
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basis; for it is only available water per unit depth of soil that is of 
significance for plant growth, not available water per unit weight of 
soil. In practice, however, one has often to measure available water 
on the weight basis and, if so, it is then essential to measure, and not 
to assume, the weight of unit volume of soil. Table 92 demonstrates 
how moisture contents calculated on a weight basis can give quite a 
different picture from those on a volume basis: the water content of 
this Greenville soil, which is a deep uniform loess, decreases with depth 
on a weight basis, but remains almost constant per unit depth of soil, 

TABLE 92 

The Variation of Moisture Content with Depth in jo Well-drained Loess 
Soil on a Weight and on a Volume\Basis^ 

Moisture contents measured 68 days after flooding, with eraporation prevented 
Fallow Soil, Greenville Farm, Logan, Utap 


Depth of soli In feet 

Water per 100 gm. of dry soil®. 
Density of soil particles® . 

Grams of dry soil per c.cm, of soil® . 
Pore space, per cent of total volume . 
Water per 100 c.cm. of soil 


0-2 

! 

2-4 ' 

4-6 

6-8 

17*6 

16*6 

15-9 

15-75 

2'695 

2745 

2-755 

2-755 

1*25 

1-295 

1-335 

1-37 

53*6 

52-8 

51*5 

50-3 

220 

21-5 

21-2 

21-6 


Th^ amount of available water per unit volume of soil, usually 
measured in inches of water per foot of soil, is calculated as the dif- 
ference between the volume of water held per foot at field capacity 
and at the permanent wilting-point. It is not very dependent on the 
texture of the soil, although very light soils can only hold small quan- 
tities of available water. Table 93, referring mainly to irrigated soils 
from the western U.S.A., shows how little the texture controls the avail- 
able water present, and how a heavy soil may hold less available water 
than a light loam. 

Available water can be increased to some extent by adding organic 
matter to the soil. An extreme case shows the limited amount of 
increase possible. On Broadbalk, at Rothamsted, one plot has received 
ninety-three dressings of farmyard manure at 14 tons per acre between 
1843 1943, and its neighbour has received no manure at all durins: 

this period, and the field is ploughed to about 6 to 8 inches deep. 
Table 94 shows that the available water in the top 9 inches has been 

^ 1 am indebted to Dr. R. K. Schofield for this table, » 

* O. W. Israclscn, Hilgardia, 1927, 2, 516. 

*J. A. Widtsoc and W. W. McLaughlin, Utah Agric. Expf. iSte., Bull, 115, 1912, p. 
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increased fiom 2-0 to 27 inches, or by 35 per cent, due to these ninety- 
three dressings of manure, but has barely been affected in the 9 to 15 
inch layer. The high figure for the unmanured plot in the 15 to 21 inch 
layer is due to it having a higher clay content (53 per cent) than the 

TABLE 93 


The Field Capacity, Wilting Point and Available Water In Certain 

American Soils^ 


Soil 

Field capacity* 
on oven-dry 
weight basis 

Permanent 
wi king-point on 
oven-dry weight 
basis 

Available 

water, 

inches per foot 

Yuma sand .... 

4-8 

3-2 


Dciano sandy loam . 

91 

4-2 

0-8 

Fresno sandy loam . 

ill 

31 

1-3 

Salinas fine sandy loam 

28-2 

200 

1-3 

Wooster silt loam . 

23-4 

61 

2-9 

Aiken clay loam 

311 

25-7 


Gila clay 

30-4 

160 

2-4 


TABLE 94 

The Effect of Repeated Dressings of Farmyard Manure on 
Available Water in Broadbalk Soil* 


Available water in the 9- or 6~in. sample in Inches 


Depth in inches 

With farmyard 
manure 

Unmanured 

Difference 

0 - 9 

2-68 

1-97 

+ 0-71 

9-15 

117 

104 

+ 0-13 

15-21 

113 

1-54 

-0-41 


Other samples (23 to 31 per cent). Hence, this large amount of farmyard 
manure has not increased the available water in the top 9 inches by 
more than 07 inch, though in period of dry springs this increase can 
be of great importance for shallow-rooted seedlings. American experi- 
ence, with less extreme dressings of farmyard manure, indicates that 
^ given series of dressings of farmyard manure raises the available water 
rather more in light than in heavy soils.* 

^ From J, H. MacGillivray and L. D, Doncen, Proc* Amer* Soc, HorU Set,, 194^» 4 ®> 4®3* 

* Measured as the moisture equivalent. 

F. \V« Russell and W. Balccrek, J. Agrie. Set,, 1944, 34> IJS* , . v » a c 

^ J. Bouyoueos (Michigan), Sml Sci,, 1939, 47* 377* Havis (Ohio), Proc, Amer, Soc, 
Hm.Scu, 1943, 4a. 497. 
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The depth from which plants take their water is very variable 
Wheat and barley rarely take water from below 6 feet, even in thi 
Great Plains of the U.S.A., whilst they can sometimes suffer frorr 
drought on well-drained deep soils when they are drawing watei 
from a depth of only 3 to 4 feet. Maize probably cannot take water fron 
quite such a depth as wheat and barley, but the sorghums can probably 
take it from a rather greater depth. Grasses, i.e. pastures, meadows aru 
prairies, in general take their water from smaller depths than whea 
and barley, whilst sugar-beet probably goes deeper. Some of th( 
leguminous crops, such as sweet clover, but in particular lucerne, car 
go down to very considerable depths; thus, on the loess soils of Kansai 
and Nebraska, lucerne can dry out tlie subsoil tp 20 to 30 feet in thre( 
to six years, ^ though its behaviour here seems ekceptional. 

Orchard trees on permeable, well-drained spils can certainly take 
water from 9 to 12 feet depth, though, as Veihmlpyer^ has shown, the\ 
can wilt and suffer from drought if the top 6 feet' of soil is dried to the 
wilting coefficient. On heavy soils, however, they often cannot get 
much water below 3 feet, even in arid regions. Some authors have 
reported water being taken by orchard trees and vegetable crops from 
depths of 16 to 20 feet, but these reports are mainly from the Iocs? 
soils of the Great Plains of the U.S.A. — soils which, as Israelsen and 
others have shown, are characterised by displaying the phenomenon 
of slow or delayed drainage very strongly (see p. 379), and the authors 
making these claims do not appear to have considered seriously this 
allerpativc explanation of their results. However, it appears that under 
some forest and grassland conditions, as, for example, in the hills ol 
California, the soil may be dried down to 10 feet or more, and the, 
water deficit may be as high as 20 inches.® A soil with such a dcficil, 
if its surface is properly protected, is ideally suited to absorb the water 
from cloudbursts, such as sometimes occur in these hills during the 
winter season. 

Plants take water easiest from directly underneath them, and tend 
to dry out the superficial layers before going deeper. In dry periods 
the soil in this superficial layer under the plant can be dried out to 
under the wilting-point, whilst the roots arc taking water rapidly from 
soil either deeper down or farther away laterally.^ Fig. 38,^ taken 
from some results of H. H. Nicholson for the drying out of a heavy 
soil under pasture in Cambridge during the summer, illustrates this 

1 T. A. Kiesselbach, J. C. Russel and A. Anderson, J. Avm, Soc, Agron.. 1929, 21, 24*' 
*934, 26, 422; H. E. Myers, ibid., 1936, 28, 106; C. O. Grandfield and VV. H. MeUgf^' 
ibid., 1936, 28, 115. Hilgardia^ 1927, 2. 

® M. Donnelly, Trans, Arm, Geophys, Un,y 1942, 544; J. W. Tourney, V,S, Dept, 
Tearbook^ 1903, p. 279. 

* M. B. Russell, F. E. Davis and R. A. Blair, J, Arm, Soc, Agron,, 1940, 32, 922. 

® I am indebted to Dr. R. K. Schofield for this figure. 
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effect. Almost the full deficit is built up in the top 10 inches before 
niuch water is removed from greater depths. This figure also shows 
the condition of the soil after a dry autumn and winter, when the 
rainfall was not sufficient to make good the deficit built up during the 
preceding summer. 




Air % Solid 

Pio. 38. The distribution with depth of water deficit in the soil during a drought. (Gault 
clay pasture, Cambridge University Farm.) The actual water deficits arc: 7 May O’O in., 
18 June 2-8 in., n August 5*0 in., 16 April ro+r7=27 in. 


There is very little difference between deep- and shallow-rooting 
crops in the early stages of drying out the soil, and this can be illustrated 
by comparing the depths from which deep-rooting lucerne and shallow- 
rooting citrus take their w'ater under standard conditions of irrigation 
on light soils in California and Arizona, as is shown in Table 95. The 
correspondence between the levels from which these two crops take 
their water under normal irrigation practice appears to be surprising 
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TABLE 95 

Depth from which Lucerne and Citrus Trees take their Water under 
Standard Irrigation Practice 

Soil — Sandy Loam in California 


Depth 

Proportion of water taken from these 
depths 

Lucerne 

citrus^ 

0-2 ft. 

• 


62 

66 

2-3 ft. 

• 


15 

16 

3-4 ft. 

• 


12 1 

10 

Below 4 ft. 

• 

• 

" ! 


8 


when compared to the differences that they show^ under drought condi- 
tions. But these observations must be correctly 'interpreted. Lucerne 
can grow under conditions of severe drought, but 'its growth is limited. 
Thus, A. S. Huntpr and O. J. Kelley® showed that the growth ol 
lucerne is checked when the top 3 feet of soil have become dried out 
even when there is an abundant supply just below that depth. 

Plants can uee not only the water in the root zone, but also .some 
water from the soil imme^ately below, and an estimate of the amount 
of water the deeper layers of the soil can supply can be made experi- 
mentally, for if the roots are removing water from the base of the 
root Eone, water is moving up from the soil below in the same way as 
if the base of the root zone was exposed to the atmosphere and water 
was evaporating from it at the same rate. The change in moisture 
deficit in a soil during a drought can be followed with the help of a cur\'e 
such as that in Fig. 39.® This curve shows the moisture deficit in a well- 
drained pasture on either the Rothamsted clay loam or the Woburn 
sandy loam for a given potential transpiration, that is, the transpiration 
that would have taken place from a similar pasture but in which the 
water table was sufficiently near the surface to keep the grass roots in 
moist soil. The curve A D shows the rate of loss of water by evaporation 
from the moist soils under low temperatures and slow drying rates, as 
explained on p. 384, and therefore represents the amount of water that 
can move up by capillarity into the root zone from below. The total 
amount of water available to the crop is therefore the amount of water 
present in the root zone plus that which can move up by capillarity. In 

* Similar figures were obtained for citrus in Salt River Valley, Arizona, by K. Harris 
et al. {Arizma Agrie. Expt. SUt., Bull. 153, 1936), who concluded from this that citruJ * 
irrigated as soon as the top 3 foot of soil is dry. 

*Soil Sci; 1946, 6*, 441. ’ li. L. Penman, J. Soil Set., I949> *' 74- 









COMPUTATION OF WATER DEFICITS ^OQ 

Fig. 39 the straight line portion A'A represents the amount of this root- 
zone water, all of which is considered to be equally easily available. 
The figure shows that in this example, although there are only 3 inches 
of water in the root zone, the transpiration of the crop does not begm 
to be affected until after the crop has transpired 4 inches. After that, 
however, the soil rapidly ceases to be able to provide water for trans- 
piration. For the next inch of potential transpiration the soil will only 



Fic). 39. The relation between the actual loss ol water by transpiration from a well-drained 
pasture during a drought and the potential loss if there had been an adequate water supply 
within the root range (Rothamsted and Woburn Soils). (For explanation of the letters, sec 

text.) 

« 

be able to provide a third of an inch, and afterwards for each inch of 
potential transpiration the soil can only supply about one-twelfth of an 
inch. 

This curve, together with Penman’s formula for computing the 
transpiration of a turgid crop from meteorological data, given on 
p. 394, allows one to calculate the water conditions in the soil at any 
time. Thus, if the soil had a water deficit represented by the point D, 
and rain fell equal to D E, the moisture deficit in the soil would then 
be represented by the point F. Siinilarly if it had a deficit represented 
by G, and a rain equal to G H fell, then a quantity of water equal to 
K H would have to drain out of the soil. Penman has given examples of 
the kind of information one can compute from this curve such as the 
prediction of the date at which drains under a pasture field will b^n 
to run in the autumn. 



CHAPTER XXII 


THE CONTROL OF SOIL MOISTURE IN PRACTICE 

Removal of Excess Water by Drainage 

Artificially draining a soil is a necessary operation under two 
distinct conditions: if the soil has a high water table, or if excess surface 
water cannot penetrate reasonably rapidly to below the root zone of 
the crop. 

Soils having a water table sufficiently high for the capillary fringe, 
i.e. for the soil that is kept wet by capillarity above the water table, 
' to reach the surface always need to have their Vater tables reduced. 
The minimum allowable depth of the water table below the soil surface 
depends on the crop to some extent: thus fruit trees need a deeper 
water table than grass, for if the water table is too high their root 
system is too shallow to anchor them firmly against high winds when 
the soil is wet. It is probable that agricultural crops can only be 
cultivated easily in temperate regions if the water table never rises to 
within 24 to 30 inches of the surface, but it is usually reckoned that it 
should be below 3 feet, though rather higher water tables are allowable 
for pastures or meadows.^ 

The optimum depth of the water table, however, depends on 
circumstances. On peat and fen soils, which oxidise away rapidly on 
cultivation, it is usually considered desirable to have as high a water 
table as possible, for the higher the water table the slower the rate of 
oxidation of the peat,® However, English fen farmers, for some reason 
that has not been established, do not agree with this: they like the water 
table to be as deep as possible. Again, if the ground-water contains 
enough dissolved salts to harm the root system of the crop, it should be 
sufficiently deep for its capillary fringe to be below the bottom of the 
crop’s root system, and depths of less than 10 feet are considered 
undesirable. 

The second type of soil needing draining is that in which surface 
water will not drain away through the soil quickly enough, with the 
consequence that it either stands in pools on the field, or else it fills all 

*For cxperiraental results on the effect of depth of water table on crop yield, see R’ 
Schwarz, Kulturtech., 1932, 35, 448, for canary grass; H. B. Roc, Minnesota Agric. Exj>t. Sl^-i 
Bull 330, 1937; H. Burgevin and S. H^nin, Amu Agron.y 1943, 13 , 288. 

® For an example from the Florida Everglades, see B. S. Clayton and J. R. Nellcr, 

Soil Scu Soc, Flor,^ 1943, 5 A, 118; J. R. Nellcr, Soil Scu, 1944, 58 , 195. 
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the main soil pores and prevents the plant roots being adequately 
aerated. The main principle to bear in mind when rectifying defects of 
drainage under these conditions is that water can only move at an 
appreciable rate through cracks or other discontinuities in the soil 
structure: it cannot move through the constitutional pores, i.e. the 
pores between the constituent soil particles forming the soil structure, 
oi even light loams rapidly enough for practical purposes. Drainage 
can, therefore, only take place through cracks and spaces between soil 
crumbs in medium and heavy soils; and soils can be in need of drainage 
either because there are not sufficient coarse pores to let the water 
through the superficial layers quickly enough, or because the permea- 
bility of the deeper subsoil is too low to let the surface water drain 
away down to the water table. If the cause of the bad drainage is due 
to the water being unable to percolate through the surface layers of the 
soil because oi* insufficient coarse pores, then proper cultivation or soil 
management is adequate to remedy this defect. The cause of this trouble 
may be due either to muddy water running over the land and depositing 
its load of mud into the coarser pores, or to rain breaking up the surface 
tilth with the consequent filling up of these pores': preventing muddy 
water entering the area in the first case, and protecting the surface 
against the rain in the second, are the proper methods to be employed, 
li' a compact subsoil is the trouble, deep cultivation, or deep ploughing 
to get underneath the compacted layer, is required. If the cause 
ol the bad drainage is that the deeper subsoil is too impermeable to 
allow water to percolate below the root range of the crop quickly 
enough, then the field must be drained artificially. This is done by 
digging a suitable system of ditches and, if necessary, underdraining 
the land between them, using either a system of tile or mole drains. ^ 
I’hus, the water falling on the surface of the soil can flow through 
cracks in the soil into the drains and through the ditches away from 
the area. If, but only if, the drainage system allows surplus subsoil 
water to be removed rapidly, its efficiency can often be increased by 
deep tillage, either ploughing or subsoiling, as this increases the number 
of channels the water can seep through from the surface into the 
drains. 

The success of a drainage system depends on the stability of the soil 
structure, i.e. both on the length of life of the various fissures and 
wide pores in the soil that let the water through into the drains, and 
also on the clearness of the water entering the drains. Clay soils 
typically have a stable structure in England and troubles due to silting 
up of the drains and blocking up of the wide pores are unusual. Their 

^ For a discussion of the principles of field drainage, see M, G. Kendall, Practkal hield 
^mage (a scries of articles in Farm Implement and Machinery Review, 1944, 70) ; H. H. Nicholson, 
Principles of Field Drainage, Cambridge, 1942; J. L. Russell, J. Agric. ScL, 1934, 24, 544* 
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Stability may be increased by liming the soil, as the drainage water 
from unlimcd clay soils may be more turbid than from limed, ^ and 
decreased by heavy dressings of sodium nitrate, using the same criterion 
of the increased turbidity of the drainage water. ^ The great difficulties 
in England arise with silt soils, for these have a weak, unstable structure. 
So much silt enters the field drains that devices such as silt traps are 
essential, and very careful management of the land is needed to keep 
the wide soil pores open, for they are rapidly filled up with muddy 
water unless considerable skill is used. The permeability of these soils 
can be mzdntained by proper cropping and in particular by the use of 
potentially deep-rooting crops such as lucerne. Such crops not only 
open up new channels through the soil but they also tend to stabilise 
the soil structure. It has not yet been establishec^ whether lucerne leys 
will be helpful on the silty wealden clays of South-East England where 
they are now being tried, but they can improve! the permeability of 
silt loams in Iowa.® \ 

Drainage improves the fertility of a medium to heavy soil for many 
reasons. It improves the aeration of the soil if the soil contains any 
appreciable volume of coarse pores that are emptied as a consequence 
of the draining; but it also improves the aeration of heavy soils having 
practically no air-space when drained, for it removes all stagnant water 
from the crevices and cracks in the soil, and allows oxygenated rain- 
water to penetrate rapidly into the subsoil. In consequence of this im- 
proved aeration of the subsoil, and removal of stagnant unoxygenated 
water, crops can develop a deeper root system, and this is particularly 
important during the winter when transpiration is low. A young plant 
of winter wheat can, for example, carry a well developed root system in 
these cracks on a heavy soil, so that as soon as the warmer weather of 
spring comes, it can start growing quickly as its extensive root system 
can tap a large volume of soil for nutrients. The corresponding plant 
on the undrained clay will only carry a very restricted root system, of 
which only a small proportion is capable of absorbing water and nutri- 
ents, as explained in Chapter XXIV, so it will make very slow growth in 
the spring, as it will not be able to t^p a sufficient volume of soil for an 
adequate nutrient supply. The stronger plant on the drained soil will 
also be able to withstand periods of rapid transpiration during a drought 
much better than the weaker plant on the undrained, because ot its 
much more extensive root system at the onset of the dry period. This 
effect of deeper rooting and greater vigour of the crop will also allow it 
to dry out the soil more during the drought, hence increase the amount 

^ E, C. C 3 iild 8 (J. Agric. Set., 1943, 33, 136) foimd 260 parts per million of silt and clay 
in the drainage water from an unlimcd clay pasture and only 70 parts per million troin an 
adjacent area recently limed. * A. D. Hall, Trans. Chm. Soc., 1904, 85, 9 t' 4 - 

• G. W. Musgravc and G, R. Free, J. Amer. Soc. Agron., 1936, 28, 727. 
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if cracking that occurs in the subsoil, and hence again allow water 
0 drain through the soil more easily in the following wet weather. Thus, 
igorous crops on heavy land can help create, and stabilise when created, 
he cracks and fissures which are essential for the downward movement 
if water and the improvement of the aeration. 

Draining surplus water away has other desirable consequences. 
Drained land may warm up quicker in spring than undrained, particu- 
arly if drainage removes an appreciable proportion of the water in 
he soil, i.e. if the soil has an appreciable specific yield. The surface 
;oil will warm up quicker because its specific heat is reduced by the 
surplus water being removed, but the same result applies to the sub- 
surface soil, though there appears to be very little information available 
on the magnitude and importance of this warming-up at depths of, 
say, 4 inches or i foot. The combined effect of improved aeration, 
and possibly higher temperatures, encourages microbiological decom- 
position of plant residues, leading eventually to an increased rate of 
nitrification. 

Draining can have one other important effect for autumn-sown 
crops or for leys and grassland. The surface of a water-logged soil 
tends to heave, or be lifted upwards, when it becomes frozen, with the 
consequence that if any plants are growing in the soil they get lifted 
up with the surface and may have all their roots broken in the process. 
Heaving of soil in frosty weather is almost confined to soils containing 
an appreciable volume of water held in the coarser pores, hence 
draining a soil always reduces the liability of the surface to heave., and 
its magnitude if it does. 


Irrigation 

Irrigation consists in applying water to the land in such a way that 
reasonable proportion of the root zone of the plant is moistened, 
he water can be applied either as a spray or artificial rain, or it can 
ic run over the land as a sheet of water — flood irrigation — or it can be 
Produced into the subsoil through 'caky pipes—subsurface irrigation, 
ipray irrigation is preferable where only small amounts of water need 
>c given, as, for example, by market gardeners in England; flood 
rri.gation in one form or another is the typical method used in the 
rrigation projects of the arid regions; and subsurface irrigation is still 
® its infancy owing to the technical difficulties involved. Little detailed 
"ork has been done on the relative advantages of these methods, but, 
^ recent work in Palestine has shown, good crops can be grown with 
less water if spray rather than flood irrigation is used, due to the more 
*='’en distribution of water so acliieved. Spray inigation is, however 
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limited to areas in which soluble salts cannot accumulate in the soil 
surface: it is excellent for supplementary irrigation when at another 
period of the year there is enough rain to wet the subsoil to well below 
the depth of the root zone. 

The fundamental problem underlying all irrigation projects in arid 
regions is preventing soluble salts accumulating in the surface soiI,J 
and this problem is discussed in more detail in Chapter XXXIV. 
Soluble salts accumulate because the irrigation water itself usually 
contains them, and since most of the water applied is evaporated, either 
directly or through the plant, the salts tend to remain behind. Thus, 
if the irrigation water contains loo parts per million of salt, which h 
a good sample of water, each acre foot transpirejd leaves behind nearly 
cwt. of salt per acre; and much irrigation is practised with water 
containing 500 parts per million and 3 acre-feet may be used per year, 
thus salts may accumulate at the rate of about 2 tons per acre per year. 
They have, in consequence, to be washed away either into the subsoil 
below the root zone of the crop or into drainage canals and so back 
into the river below the area, and in either case a part of the irrigation 
water must be used to carry away these salts — the proportion needed 
for this purpose increasing with the concentration of undesirable salts 
in the water. C, S. Scofield, ^ for example, found that in three irrigated 
areas in the south-west of the U.S.A. which were supplied with water 
containing about 500 parts per million of salts — a fairly high concen- 
tration — one-quarter of the water applied to the land had to be used 
just for carrying away these salts. 

The second danger is that the ground-water, which in arid districts 
always contains soluble salts, often derived in part from salts initially 
present in the superficial layers of the soil profile, may rise if too much 
water is applied, or if water can seep out of the canals carrying the 
irrigation water, and once this comes near the surface the zone of plant 
roots becomes very limited, and in depressions the capillary fringe may 
come up to the surface of the soil. Thus, salts may very rapidly accumu- 
late in the surface at such high concentrations that successful crops can 
no longer be grown. 

The three essential features of a successful irrigation scheme arc, 
therefore, adequate control of the ground-water level, the ability lO 
move soluble salts from the surface soil down below the root zone or 
into drainage canals, and the ability to get the water spread and 
absorbed evenly over the land. 

Ground-water levels should never be allowed to rise higher than 
6 feet below the surface and should, preferably, be below 10 feet., I< the? 

^ For a bulletin on this subject, see H. E, Hayward and O. C. Magistad, U.S, Dej>i. 

Misc. PubL 607, 1946. * J. Agric. Res,, 1940, 61, W* 
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vel cannot be adequately controlled by careful use of water, then either 
suitable system of drainage or interceptor ditches must be constructed 

I remove the water, or the ground-water must be pumped into drainage 
inals* 

The soil must also be kept permeable both to help leach the salts 
3wn into the ground-water and also to allow the applied water to 
snetrate reasonably rapidly and uniformly. Slow penetration ol' 
rigation water gives temporary water-logging, and under the high 
mperatures that often prevail in most irrigated regions, very short 
rriods of water-logging may deplete the oxygen in the soil air so 
inch that the roots are weakened sufficiently for them to be killed 
' attacked by root-rot fungi. Thus, V. A. Wager,^ in California, 
lund that water-logging the roots of an Avoeado for one day allowed 
icm to be attacked and killed by the fungus Phytophlhora cinnamomi, 
[though if the fungus was absent from the soil, water-logging for nine 
ays did no serious harm to the tree. For relatively impermeable soils 
suitable system of husbandry must be adopted as, for example, one 
icluding deep-rooting crops, such as lucerne, apd the keeping of 
airy cows to provide manure. A system producing farmyard manure is 
Iso often advisable on very permeable land, for the manure both 
ecreases its high permeability and also increases its low water-holding 
ower. In general, for all irrigation projects it is, in fact, desirable to 
laintain a high level of organic matter in the surface soil; hence, leys, 
rcen manuring, cover crops and farmyard manure are all desirable 
cljuncts of irrigation rotations. , 

The principles used to decide when and how much water should be 
pplied have already been discussed; they depend on putting back into 
le soil the water deficit that exists in the root zone just before the 
rop begins to suffer from lack of water, with sufficient excess to ensure 
ny accumulated salts are washed down into the subsoil or the drains. 
)n many soils, as Veihmeyer and his associates have shown, this can 
•e calculated as the number of inches of water held by 4 to 6 feet of 
oil between its field capacity and permanent wilting-point; but not 

II soils can be allow'ed to build up «uch a large deficit as this, and so 
leed more frequent and lighter irrigations, but, in consequence of the 
lifficulties inherent in distributing water evenly over the land by all 
tiethods of flood or furrow irrigation, they need a correspondingly 
[rcatcr total quantity of water. 

A land is plentiful and water scarce, the most efficient way of using 
be water is to apply small amounts of water over large areas rather 
ban Igfge amounts over small. This is illustrated by some results of 
A. Widtsoe,* given in Table 96, for dry land farming in Utah, where 
1 Hilgardia, 194a, 14, 519. * Utah Agric. Expt. Sla., Bull. 1 16, 191a. 
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using 7 1 inches of water on 4 acres gives about three times the yield 
of 30 inches applied to i acre. Naturally, if land is scarce and watei 
plentiful, the 30 inches per acre, which gives a greater yield per acre 
than the 7^ inches per acre, constitutes a more intensive and, therefore 
a preferable use of the land. 

The methods of applying irrigation water are fully treated in thi 
literature and will not be discussed here; but it is important to ensun 
that the irrigation water does not run rapidly enough over the land u 
cause erosion, as not only is this directly harmful but it also makes lh( 
water muddy, and hence hinders its rapid entry into the soil. 

TABLE 96 ( 

Yield of Crops for a Given Quantity of Water u'^ed over Different Area< 

Greenville Farm, Utah \ 


Crop 

Yield from 30 atre in. of irrigation 
water given over 

I acre 

4 acres 

Wheat, grain In bushels. 

47-5 

166 

Maize, in bushels . 

97 

317 

Lucerne, hay in tons 

3-6 

14-3 

Sugar-beet, roots in tons 

20-8 

64-8 


The quality of the w ater used in irrigation is of fundamental impoi 
tance for the permanence of ever>' irrigation system. All water contain; 
salts, whose cations are mainly calcium, magnesium and sodium, anc 
whose anions are sulphates, chlorides and bicarbonalcs; and, whilst 
high concentrations of calcium, for example, are desirable, high concen- 
trations of sodium or chloride ions in particular, and to a less extent 
sulphate ions, are very undesirable. 

The maximum permitted salt content of irrigation water depend; 
on the soil. It is safe to use low-quality water on permeable soils wel 
supplied with calcium carbonate and having a deep ground-watei 
surface, for any excess salts in the surface can easily be leached tc 
below the root zone. On the other hand, relatively pure water, 01 
water veiy^ low in sodium and chloride ions, is essential on heavy soils 
for then nearly all the salts in the irrigation water remain in the roo 
zone of the plant, and if any appreciable concentration of sodium 0 
chloride ions is allowed to build up, the soil will soon become unsuitet 
to plant growth. This problem is, however, discussed in moit detai 
on p. 607. 
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Dry Farming 

Dry farming is farming under conditions of water shortage when 
rigation cannot be used, and it includes the systems of agriculture in 
je throughout the semi-arid regions of the world. The outstanding 
laracteristic of most of these regions is that the limited rainfall is 
5ually concentrated in a fairly well-marked rainy season, but the total 
mount of rain falling in the season, and its length, are extremely 
ariable from year to year; and crops are often liable to almost complete 
)ss through catastrophes, such as plagues of leaf-eating insects — e.g, 
)custs and chinch-bugs — violent hailstorms and complete failure of the 
lins. Table 97 gives a comparison of the variation in the yield of 
heat from year to year in the wheat-growing areas of the Great Plains 
f the U.S.A. with that of the unmanured plot on Broadbalk, Rotham- 
cd. The mean yield of wheat is about the same, but whereas yields 
f below 5 bushels per acre occur on the average one year in six in 
lie dry-farming area, they only occur in one year in thirty under 
urnid conditions, with a correspondingly far greater probability of 
Amine occurring among populations subsisting under dry than under 
lumid farming conditions. 


TABLE 97 

Variability of Wheat Yields in SemhArid and Humid Regions 


Per cent of year’s yield, in bushels' per acre, 
within the following ranges 


Range 

Failure 

0-5 

5-10 

10-20 

20-30 

30-40 

Over 40 

Mean 

Yield 

Great Plains* 

4 

13 

18 

29 

23 

II 

2 

16 

Broadbalk* 

(unmanured) 

— 

3 

24 

70 

3 

- i 

- 

13 


The fundamental object of all systems of dry farming is to allow the 
crops to make the best use of the available water. This can be done 
in three ways: using crops that make the main part of their growth 
ciuring the rainy seasons; reducing all unnecessary waste of water by 
run-off or weeds; and, if need be, by storing rain from one rainy season 
for use in the next by means of suitable fallows. 

The crops normally grown between the region of mixed farming 
^nd the desert are grain crops, and they are usually only taken during 

^ The American figures arc in W^in Chester, and the Broadbalk in Imperial, bushels. 
Winchester bushel •= 0*97 Imperial bushel.) 

G. Chilcott, C/.S. Dfpt. MiiC. Circ. 8i, 1927. This is based on 218 crop yields 

'h held stations. * Sixty-year mean, 1852-1911. 
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the period of the year when rain is expected. Wheat and barley are 
the typical grains of the cooler regions and sorghums and millets of 
the hotter. Wheat needs a longer growing period and rather heavier 
soils them barley, so barley is the most suitable, and also the typical 
crop grown on the edge of deserts having winter rainfall, such as those 
in North Africa and Arabia. But wheat is the preferred bread com of 
the world, so it is much more widely cultivated, and is often taken in 
places where barley would do better. 

The sorghums can withstand hot summer droughts that would 
shrivel up wheat and barley without coming to much harm by be- 
coming semi-dormant, and they resume growth as soon as more rain 
falls. They are the typical summer cereals of thb Arabian and Indian 
semi-deserts, and are the most reliable grain crop in the southern Great 
Plains of the United States; but again they are\only used as human 
food when wheat is not available. However, theyWly give good yields 
if they can draw on an adequate supply of water puring the weeks they 
are forming their heads. Thus Table 98^ shows thdt at Dalhart, Texas, 
the sorghum, milo,^, will only produce a good crop if it can find at least 
4 inches of water, in the soil or from rain, during the five weeks of 
heading time. 


TABLE 98 


Effect of Available Water at Heading Time on the Yield of Milo 


e 

Continuous grain 

Alternate grain and fallow 

Total water available from the 
end of July to early September 

Per cent 

Mean yield 
bushels 

Per cent 

Mean yield 
bushels 


of years 

per acre 

of years 

per acre 

Under 4 In. 

47 

10 

28 

10 

4 In. and over . 

53 

28 

72 

39 


Crop yields are not proportional to the rainfall or to the available 
water; the crop must use a considerable quantity of water before it is 
able to give any yield at all. In’ the wheat-growing areas of Kansas 
the first 8 to 10 inches of rain per year are only sufficient to keep ^hc 
plant alive, but every inch of rain above this gives, on the average, 
2 bushels of wheat per acre;® hence the great importance of even quite 
a small extra supply of water in years of deficient rainfall, as, foi 
example, by fallowing, which supplies, on the average, an extra 3'7 
inches. Extra water is even more efficient if the summer temperatures 

^ O. R. Mathews and B. F. Bames, U.S, Dept, Agric.^ Circ, 564, 1940. .jn 

® J. S. Cole, U,S. Dept, Agric., Tech, Bull, 636, 1938; O. R. Mathews and L, A. Brown, t 
Dept, Agric,, Circ, 477, 1938. 
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are lower than occur in Kansas; in Saskatchewan, 10 inches of water 
gives about 14 bushels of wheat, and every additional inch increases 
the yield on the average by 7 bushels per acre.^ It is interesting to 
note that in some years there wheat after fallow takes over half the 
water it uses from the soil.* 

The period in the development of the crop at which additional 
rainfall, or additional water in the soil, is most beneficial depends on 
the crop. For sorghums in the Great Plains it is, as already shown in 
Table 99, around heading time; for winter wheat in the same region 
it is before the winter dormancy sets in,® the reason probably being 
that adequate water in this early stage encourages good germination 
and a well-developed root system, so that the plant is better able to 
withstand adverse conditions later on. Hence, the extra water retained 
by a fallow is available for wheat just at the period the wheat is most 
responsive to extra water. 

The function of fallows is to store water, and they can only do this 
under certain definite conditions. Rain must fall during the fallow 
period; there must be sufficient rain to increase, the soil’s moisture 
content below 4 to 8 inches deep, otherwise it will all be lost by 
evaporation; the soil must be heavy enough to store a useful amount 
of water in its first 4 to 6 feet, but not so heavy that the plant roots 
cannot go down and get it, that is, it should be neither a coarse sand 
nor a heavy clay; and there must be no weeds. Fallows are ineffective 
on soils having a high water-holding power when the rain only falls 
in light showers, so only wetting the top 2 to 4 inches of soil. Fjillows 
are, therefore, inefficient users of rainfall — they can rarely store more 
than one-quarter of the rainfall in semi-arid regions — though in 
Saskatchewan* they averaged 25 per cent over an eighteen-year period, 
varying from 2 to 50 per cent of the spring and summer rainfall in 
individual years. Fallow differs in this respect from crops: crops make 
full use of all the rainfall however light — a thousandth of an inch of 
rain falling on a crop reduces the water demands the crop is making 
on the soil by just this amount. 

The great difficulty in managing fallows is to keep a loose, deep tilth 
in the surface of the soil, which is essential for weed control and for 
allowing the water to penetrate rapidly, without at the same time 
exposing it unnecessarily to the risk of being blown away by high 
winds. There are two distinct types of methods, which may have to 
be used simultaneously, for doing this: the fallow land must be divided 
into strips separated by strips of crop, and these strips must either run 
across the direction of the dangerous winds, if drifting is the sole 

’ Soil Res. Lab., Swift Current, Sask., Rept. 1943. * Canada Dept. Agrk., Publ. 595, 1 938. 

*J- E. Pallesen and H. H. Laude, U.S. D^t. Agric., Tech. Bull. 871, 1941. 

* Soil Res. Lab., Swtft Curreta, Sask., Ript, 1943; Canada Dept. Agric., hal. 598, 1938. 
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trouble, or follow the contours if soil-washing is also troublesome; and 
the surface of the fallow soil must be kept protected. This can be done 
in two ways: the soil can be cultivated with ridging ploughs, or listers 
the ridges following the contour if heavy rain is likely; or it can be 
cultivated with disks, duck-foot cultivators and rotary rod wecders in 
such a way that the previous year’s stubble is anchored in the surface 
soils but sticks up from it.^ These erosion control problems are, however 
discussed in more detail in Chapter XXXV. 

When crops are grown in regions of deficient rainfall, the yield is 
often very dependent on the amount of water in the soil at planting 
time, as was shown by F. J. Alway ® many years ago. If there is too little 
water great risks are run in getting a crop. Thbs, in the spring wheat 
area of the Great Plains in the U.S.A., J. S. Cole and O. R. Mathews^ 
have shown that a good estimate of the chance \of getting a profitable 
wheat crop can be made by finding the depth to ^hich the soil is wet at 
the time of sowing, as can be seen in Table 99. \If the soil is wet to i 
foot, or less, a profitable crop, namely, 15 bushels' an acre, will only be 
obtained one year in six; whilst if it is wet to 2 feet it occurs once in 
three years. The effect of fallowing is to give at least 3 feet of damp 
soil at sowing-time three years out of four instead of one year out of 
four. Tables such as these can show immediately the probability of 
fallowing being valuable: clearly, if the soil was wet to 3 feet at sowing- 
time there is no point in taking a fallow — the field should be sown; but 
if the soil is wet to less than i foot it will be very unwise to sow, and 
the f^eld should be fallowed. 


TABLE 99 

The Effect of Soil Moisture at Sowing Time on the Yield of Spring 
Wheat (Great Plains, Montana to Texas) 


Yield in bushels per acre 



Depth to which soil is wet at sowing time 


Rotation 

1 ft. or less 

2 ft. 

• 

3 ft. or more 

Average 


Per cent 

Mean 

Per cent 

Mean 

Per cent 

Mean 



of years 

yield 

of years 

yield 

of years 

yield 


Continuous wheat 

33 

6-5 

41 

117 

26 

157 

lii 

Fatiow — wheat . 

5 

6*9 

21 

126 

74 

19.94 


^ For methods used in the prairie provinces of Canada, see Canad, DepL Agric,, Bull. i 79 
^ 935 ; for the Northern and Southern Great Plains of the U.S.A., see U.S, Dept. 
Farmer* s Bull, 1797, 1938, and 1771, 1937, respectively. * J. Agric, 6Vi., 1908, 2, 333 - 

• U.S. Dept, Agric,, Circ, 563, 1 940. For the corresponding figures for milo (a grain Sorghum/ 
sec O. R. Mathews and B. F. Barnes, U,S, Dept, Agric, ^ Circ. 564, 1940. 

* Soil often wet deeper than in continuous wheat. 
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The effect of weeds in decreasing the efficiency of fallows can be 
illustrated by some results for winter wheat in Kansas.^ This crop is 
harvested in July and the following crop is sown at the end of September, 
and part of the annual rainfall comes in the period between harvest 
and sowing. If the soil contains less than i ^ inches of available water 
at sowing-time, the crop is likely to be a failure, whilst if it contains 
more than 3 inches, a yield of over 25 bushels per acre can be expected. 
If the land is kept fairly free from weeds between harvest and sowing, 
by ploughing the land as soon after harvest as possible, in only one year 
out of four is the available water less than 1 1 inches, and in every alter- 
nate year it has more than 3 inches. On the other hand, if the land is not 
ploughed until shortly before sowing, so the weeds can grow unchecked 
till this time, then the land has less than i J inches of water at sowing 
time every alternate year, and it has over 3 inches in only one year in 
fight. This benefit of early ploughing is, however, only marked in years, 
and in regions, when the period between harvest and seed-time 
coincides with a rainy season. 

Yields of some crops, in particular sorghums, and possibly maize, 
can be increased in very dry seasons by increasing the distance between 
the rows of the crop, through reducing the water demands on the soil 
during the early part of the growing season, and thus increasing the 
amount of soil water available later on. Thus, in the drier parts of 
the western states of the U.S.A., sorghum planted in 80-inch rows 
will produce a yield of grain in years when those planted in 40-inch 
rows fail, and in certain regions the 80-inch rows only give 5 to 10 
per cent less grain on the average over a run of years than the 40-inch 
rows.® It may even be profitable at times to grow sorghum or maize 
at 10 feet spacing between the rows, as the field may be able to store 
enough water to give the effect of a fallow for the succeeding wheat crop.® 

In conditions of dry farming when water limits the yields, nitrogen 
fertilisers and farmyard manure are only of benefit if the nitrogen 
content of the soil is low, otherwise they may harm the crop by 
encouraging too much early growth. But, in good years, or parti- 
cularly following fallow when there is reasonable rainfall at the 
critical times in the growth of the plant, yields can be increased 
somewhat by them. Thus, A. F. Bracken and G. Stewart,* working 
in Nephi, Utah, which has an average rainfall of 13 inches, found the 
yield of winter wheat after fallow could be raised by 2^ bushels per acre 
by dressings of 5 tons, and by 5 bushels by dressings of 10 tons of 

* A. L. Halkted and O. R. Mathews, Kmsas Agric. Ei^t. Sla., Bull. 273, 1936. See also 
p- 1 . Throckmorton and H. E. Myers, ibid., BiJl. 193, For the corresponding results 

lor Nebraska, sec L. I. Zook and H. E. Weakley, Mebraska Agrie. Expt. Sta,, Btdl. 362, 1944. 

M. H. Martin, J. S. Cole and A. T. Semple, V.S. D^t. Agrit., Farmers' Bull. 1^4, 1936. 

‘ Kansas Agrie. Expt. Sta., Bull. 293, 1941. * Utah Agric. Expt. Sta., Bull. 222, 1930. 



422 THE CONTROL OF SOIL MOISTURE IN PRACTICE 

farmyard manure applied in the fallow. But on most light soils, or in 
areas where variations in rainfall cause large variations in yield, adding 
manure increases the variability of the yield, improving it in good and 
depressing it in poor years. This result does not apply to soils low in 
phosphate; unless the phosphate deficiency of these soils is corrected 
the crop can never begin to form a vigorous root system, hence can 
never make proper growth; and this may be the explanation of N. V. 
Kanitkar’s^ observation that 2| tons per acre of farmyard manure may 
be beneficial for wheat in some of the dry-farming areas of India* 
However, a warning must be given that in some areas on the border 
of dry farming the beneficial effects of a fallow are, in fact, due to the 
extra nitrates the fallow has accumulated andj not, as has often been 
considered in these areas, to the extra water. ^ \ 

Rotations are of only limited value in really dry areas because so 
few crops can be profitably grown. The most important crops are 
grain crops, which can be used for pasture or hay, instead of grain, and, 
under some conditions, a rotation of wheat or barley — fallow — sorghum 
— fallow is of value in keeping down certain insect pests such as grass- 
hoppers.^ Putting land down to native grasses for a few years can be 
of great value in weed control, and doubtless also in improving the 
structure of the soil by reducing its liability to blow and increasing its 
permeability to rain. The value of leguminous crops has not been 
established. Lucerne, in particular, but sweet clover to a less extent, 
may be harmful in regions of deficient rainfall, for they can dry out the 
subsoil to depths of 20 to 30 feet; and it may take several years’ fallow,* 
often a very undesirable procedure because of the danger of soil blowing, 
to replace this water. As an example of the depth of soil dried out by 
lucerne, V. S. Kosinsky,® working in Krasnodar — a region with an 
annual rainfall of 500 to 700 mm. — found in August that wheat had 
used all the available water in the top 120 cm. of soil, one year of 
lucerne had used it to 140 cm., two years of lucerne to 200 cm., and 
three years of lucerne to 240 cm. As soon as water ceases to become 
strictly limiting, however, either by an increasing or more certain 
rainfall, or by the evaporation decreasing, mixed rotations become 
advantageous, as E. S. Hopkins and A. Leahey® have shown in detail 
for the prairie provinces of Canada. 

^ Dry Farming in India, Imp. Cotmc, Agric. Res., Sci. Monog. 15, 1944. 

2 See, for example, A. E. V, Richardson and H. C. Gurney, Emp. J. Expt Agric., 1933 * 
I, 193, 325. 

“ R. I. Throckmorton and H. E. Myers, Kansas Agric. Expt. Sta., Bull. 293, 194 *- 

* For American results, sec T. A. Kiesscibach, J. C. Russel and A. Anderson, J- 
Soc. Agron., 1929, 21, 241; 1943, 26, 422; H. E. Myers, ibid., 1936, 28, 1 06; C. O. Grandne 
and W. H. Metzger, ibid., 1936, 28, 1 15. For Australian results, sec E. C. Powell, Agnc, w- 
N.S.W., 1941, 52, 65; F. W. Hcly, J. Aust. Inst. Agric. Sci., 1942, 8, 93. 

^ Sovet. Agron., 1946, No. 2, 77. 

• Canada Dept. Agric., Publ. 761 (Farm. Bull. 124), 1944, 



CHAPTER XXIII 


SOIL STRUCTURE AND SOIL TILTH 

Soils in their natural condition have at least some of their individual 
particles clustered into aggregates, or clods or crumbs; and the size 
distribution of these aggregates, or its converse — the size distribution 
of the pore spaces between them — determines the soil structure and, 
in part, the soil tilth. 

The concept of soil tilth is still vague, and it involves at least two 
separate factors: the coarseness or fineness of the tilth, which is con- 
cerned with the size distribution of the aggregates; and its mellowness 
or rawness, properties that have been very little studied. Mellow tilths 
differ from raw tilths in at least two particulars; when dry, their clods 
are more crumbly, though they do not crumble iijto dust easily, and 
when wet they are less sticky. Hence, soils having a mellow tilth can 
be cultivated at both higher and lower moisture contents than soils 
having a raw tilth. 

The importance of tilth for plant growth or for ease of managing 
land is still in doubt, for crop development does not seem to be anything 
like as sensitive to quite wide variations in the tilth as many farmers 
firmly believe.^ From the field point of view the following propprties 
of a good tilth are of great importance: 

’a) There should be a continuous system of wide pores from the soil 
surface down to the water table or the land drains through which 
surplus water can move rapidly and which will allow rapid diffusion of 
carbon dioxide from the subsoil to the atmosphere. 

[b) These pores should be sufficiently stable to last several years 
before being filled up. 

(r) There should be volumes in between these pores that hold as 
much water as possible against drainage, but which are readily 
accessible to the plant roots. 

{d) The surface soil should be crumbly, and the crumbs should be 
large enough not to blow away, but small enough to allow good 
germination of the seed, and sufficiently unsticky when moist for them 
to keep their individuality when tractors or implements move over them. 

A soil can fulfil these conditions without its subsoil possessing any 
structure in the usual sense of the word; yet in general, on the medium 

. ’For an example of the ^parent insensitivity of malting barley to the tilth of the seed-bed 
'n England, see E. W. Russell, Proc. Inst. Brit, Agric. Engnr., 1945, 3, 99. 
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to heavy soils, subsoils only possess these properties if on drying they 
break down easily to definite clods which are separated from their 
neighbours by fairly long-lived cracks or planes of weakness. These 
cracks open as the soil dries and form drainage channels down which 
water can seep fairly rapidly. Plate XVII illustrates this for the Rothani. 
sted subsoil — a clay loam having a good natural subsoil structure. 
A cultivated surface soil usually possesses a crumb or clod structure, 
that is, the individual silt and clay particles, and usually the sand 
and gravel particles as well, are aggregated into definite clods that may 
range from blocks a foot or more across down to dusty crumbs a fraction 
of a millimeter in size. 

The most desirable size for the surface crumbs or clods to have from 
the point of view of plant growth lies in the i^nge 1-5 mm.,^ rather 
towards the smaller limit in dry conditions aira the larger in moist, 
Crumbs smaller than 0-5 mm. merely block the coarser pores down which 
water can drain and through which air enter^ the subsoil, without 
adding to the water-holding power of the soil, whilst crumbs larger 
than 5 to 6 mm. usually have too large an air space around them for 
the rootlets of seedlings. 

With crumbs of optimum size Kvasnikov showed that cereals made 
better and earlier growth, gave higher yields and higher values of the 
grain-straw ratio, and made a more efficient use of the limited water 
supply than when the crumbs were either larger or smaller. These 
conclusions have been confirmed by Yoder, using cotton as the test crop, 

A desirable structure, or tilth, once obtained should be as stable as 
possible. A tilth, or a system of wide pores, can break up in the 
following ways; the cements holding the particles together can be so 
weak that the dry crumbs can be easily broken down to dust by culti- 
vation implements, by animals walking over the land, by the wind 
being able to raise dust storms that can shatter them, and by heavy 
rain being able to smash them. Or the cements can fail to hold the 
particles together when wet. This happens in some alkali soils when 
the surface crumbs fall down to a mud which fills up all the surface 
cracks, and when the subsoil dodo swell and the surfaces of adjacent 
clods stick together and disappear. But dry clods can break up during 
wetting for other reasons. In the first place, the clod swells on wetting 
and in the process outside bits of the clod often fiake off. In the second 
place, adsorbed air is displaced from the dry internal surfaces of a clod 
on wetting, and this air has to force space for itself to occupy, and m 

^ A. G. Doyarenko, Russian J. Agric. Sci,, 19(24, x, 451, for podsolised soils near Moscow, 
and V. U. Kvasnikov, ibid., 1928, 5, 459, for semi-arid soils near Samara. Sec Mi» 

Landw. Jahrb,, 1931, 73, 603, for a German summary of this work. Sec also R. B* ^ , 

Proc, Soil Sci Soc. Amer., 1938, 2, 21, and H. Dittrich, Bodenk. PflEmahr,, 1939* | 

similar results. 
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nng so, disrupts the clod. Both these processes may cause the wider 
-ainage pores to become blocked. 

The problems of maintaining a stable soil structure usually only 
incern the surface soil for the subsoil structure is not usually subject 
I mechanical shattering, although a tractor wheel running on the top 
a wet subsoil can destroy its natural structure and hence its permea- 
ility very effectively. The structural units of the subsoil are thus 
lainly subjected to the general tensions and compressions set up as 
le subsoil is dried or wetted, with the result that the structural units 
ad the spaces between them possess considerable permanence. This 
ermanence can be vividly seen in horizons in which manganese 
ioxide has been deposited: natural blocks of the soil look black, and, 
hen broken naturally, break into smaller black blocks; but this black- 
css can easily be seen to be only a very thin film coating the soil 
rumbs. Very difficult problems arise when the subsoil clods are not 
[able to a drying and wetting cycle, for example, when the outer 
irface of the clods flake off on wetting, and such soils are most trouble- 
3me to keep well drained. Some of the English silt, soils have this very 
indesirable property. 

The properties of the soil structure that have been most commonly 
icked out for its classification are the size and shape of the structural 
nits^ and their stability to wetting; but, as has become obvious from 
lie foregoing discussion, a classification can equally well be based on 
he geometry and stability of the larger pore spaces and cracks in the 
oil.^ This is in fact probably the most profitable approach for ipany 
ilt and clay soils. Pigulevsky, for example, has classified the structure 
)f such soils by the size of the clods between the major cracks, and 
\ Hardy and L. F. Derraugh® have tried to classify the different types 
)f cracks that develop. These latter authors have pointed out the very 
mportant role these cracks play in the general economy of impermeable 
:lay soils: they serve as drains and allow the subsoil to remain reason- 
ably well aerated even when the surface soil is water-logged; they 
form the spaces in which the plant roots and rootlets live and grow; 
they allow crumbly and fertile surface soil to be transferred to the sub- 
soil; and when the soil at a suitable moisture content is ploughed or 
cultivated, they form the planes of weakness which allow the large clods 
to break down into a fine cloddy tilth. All these effects are of great 
importance for impermeable clays in tropical climates having a wet and 

' For a discussion of some present-day systems, see G. R. Clarke, The Study ef the Soil in 
w FirW, 4th ed., Oxford, and Soil Surv^f Manual, Washington, 1951. 

'I'l. C. Pigulevsky, Trans, snd Intern. Omgr. Soil Sci., Leningrad-Moscow, 1932, i, 82; 

Construction and Manufacture of Agricultural Machines, Part II, Moscow, 193 ^* * 

suniniar^of his methods, see E. W. Russell, In^. Bur. Soil Sci., Tech. Comm, yj, 1938. C. L. W. 
’"anson, Iowa St. Coll. J. Sci., 1941, 16, 137, and with J. B. Peterson, SoilM., 1942, S 3 > * 73 ! 
“tso developed a similar method. * Tn^. Agric. Trin., 1947, a 4 » 7 ®- 
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a dry season and in arid areas under irrigation, such as the Gezirah in 
the Sudan, and parts of the Nile Valley in Egypt. 

Great difficulties arise in the classification of soil structure, because 
both the structural units which compose the soil in the field, and the 
pores in the soil, have a wide range of size and shape, and there is 
rarely any particular property of the shapes that is sufficiently charac- 
teristic for accurate description. There is not yet any generally accepted 
terminology for the different shapes met with,^ but one recently sum- 
marised by C. C. NikiforofP illustrates the kind of division that can be 
attempted. He recognises the following four type-shapes of structural 
units: 

Plate-like, in which the natural cracking is rjiainly horizontal. This 
is often well developed in the A® horizon of leached soils or in soils 
rich in kaolinite. \ 

Prismatic, in which vertical cracking is better displayed than hori- 
zontal, resulting in structural units two to five tirties as long as they are 
broad. This develops in the B horizon of many ^eavy soils, especially 
in semi-arid regionr. Two types of prismatic aggregates are illustrated 
in Plates XIX and XX. 

Blacky, in which vertical and horizontal cracking are equally strongly 
developed so the structural units have roughly equal axes. Their shape 
is, however, irregular, but like the prismatic structural units, their edges 
are sharp and their faces smooth. Typically, they range in size from 
I mm. to 5 cm., and Plate XVIII gives two examples of a blockly soil 
structure. 

Granular, which differs from blocky in not having sharp edges or 
smooth faces, and which is in consequence more rounded. Their 
typical size lies in the range i mm. to 1 cm. and they are found in the 
surface layer of pasture, chernozem, and other soils high in organic 
matter. The granular structure also differs from the blocky and 
prismatic in that, when the soil is wet, there are considerable volumes 
of air or water between granular units, but only very small volumes 
between prismatic or blocky. 

The actual shape of the structural units often lies intermediate be- 
tween two or more of these type-shapes, but Nikiforoff suggests that 
they can be described by the nearest type-shapes to which they approxi 
mate, by their size and by how well the typical shape has been de- 
veloped, for a well-developed structure has units that are relatively 
strong individually but weakly bound to their neighbours. 

The pore size distribution can easily be measured in many soils by 

^ For some of these, see E. W. Russell, Imp, Bur, Soil Sci,y Tech, Comm, 37, I 93 ®* </ •«/. 

* Soil Sci,i 1941, 52, 193. For an earlier Russian classiHcation, sec S. A. Zakharov, Acme 
merits of Russian Science in Morphology of Soils, Acad. Sciences, liCningrad, 1927. 
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determining first the moisturc-content-suction curves for the soil,^ 
which gives the volume of water in pores smaller than the pore diameter 
corresponding to each suction, and then plotting the slope of this curve 
against the suction, which gives the frequency distribution of the sizes of 
pore present. An example of this is given in Fig. 40 for a sample of 
Gault clay that was initially in crumbs between i and 2 mm. in size.® 
Techniques have also been developed for obtaining the size distribution 
and the volume of the larger pores by direct measurement using a low- 
power microscope.-’ 



Suction of Water in the Soil In cms. of Water 


1 he, 40. The moisture content-suction curve, and its difTcrential, for a Gault clay. (Soil 
initially in crumbs 1^2 mm. size.) 


The water stability of the coarse pores can be easily determined by 
taking these crumbs through several wetting and drying cycles, and 
constructing slope-suction curves for the sample after each cycle. Fig. 41 
shows the stability of the coarse pores in an Upper Lias clay at different 
depths below the surface when taken through three such wetting and 
drying cycles.* In this soil, the stability of the coarse pores obviously 
decreases rapidly with depth. Childs has used this method to pick out 

'For examples of this method, see F. Sekara, Bodenk. PflEmdhr., 1938, 6, 259, a88; 
E- C. Childs, SoU Sci., 1940, SO, 239; 1942, 53, 79; V. C. Jamison, J. Amer. Soc. Agron., 
34 » 307> 393? Russell, fVor. Soil Sci, Soc, Amer,, 1942, 6, 108; C. L. Feng and 

M. Browning, Proc, Soil Sci, Soc, Amer,, I947» ^ 7 - 

^'I'aken from E. C. Childs, SoU Sci,, 1940, 50, 246. 

.n\’. Kubiena, Micropedology, Ames, 1938; Entwicklmgslehre des Bodens, Vienna, 1948; 
: Volk and H. J. Harper, SoU Sci,, 1939, 48, 141; G. C. Rcdlich, SoU Sci,, 1940, 

50, 3. ^TaJeen from E. Childs, Soil Sci,, I 943 » 53 > ® 4 * 
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soils whose subsoil structure is too unstable for mole driunage to be a 
practicable method of under-drainage. 

The main structural elements present in the field often have a definite 
structure of their own, particularly in loam and clay soils. Large clods 
are normally built out of smaller clods, as can be seen by dropping 
a dry clod on a hard floor when it will break up into smaller clods, 
usually of characteristic shape; and these in turn are often formed 
out of still smaller granules binding the sand particles together. This 



Fig. 41. The variation in the stal>ility of the pore space distribution down the profile of anj 
Upper Lias clay. Curve I is for the first, curve II for the second, and curve III for the third" 
wetting. (Soil initially in crumb 1-2 mm. size.) 

can be seen visually by examining the crumb under a low-power micro- 
scope, or by scratching its surface with a sharp needle, or by putting 
a dry crumb in water, all of which will display these granules if they 
have a definite existence. Crumbs that are built out of such granules 
are said to have a well-developed micro-structure, and the granules 
themselves are called the elements of the micro-structure. This concept 
of the micro-structure of crumbs and clods is very useful, although 
these micro-structural elements probably have not sufficient persistence 
and discreteness to be properly regarded as the ultimate basic building 
units of the crumb structure. 

Soils differ greatly in the extent to which their crumbs and clods 
possess pronounced micro-structure or granularity. Qay soils, parti' 
cularly when low in organic matter, are liable to dry out into large hard 
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uniform clods, and this tendency is encouraged by working or mniilHing 
the clay when it is too wet, or by replacing a proportion of the exchange- 
able cations by sodium when the concentration of salts in the soil 
solution is low. Adding calcium carbonate or soluble salts to the clay, 
by increasing its degree of flocculation, increases the granularity of the 
clods; but unless the salt content is high, the smallest structural units 
into which the clods will break down will be several millimetres in size. 
On the other hand, soils under old pasture are aggregated into crumbs 
displaying a very pronounced micro-structure, and the granules 
composing it may be under o-i mm. in size. 

Direct microscopic examination of crumbs or of thin sections of 
crumbs usually shows the main cement, or fabric, which holds the 
particles together. W. Kubiena* has given illustrations and has named 
the main types of cementation between particles, and the arrangements 
of the different types of particle in crumbs and granules. In the English 
and other arable soils the author has examined, however, the typical 
arrangement is for small clusters of particles, which cannot be properly 
resolved by a low-power microscope, to lie in the spaces between 
{airly clean sand grains. These clusters presumably hold the sand 
grains together the more strongly the more they fill the pore space 
between the sand particles. 

The main quantitative methods of structural analysis m use depend 
on measuring the stability of the structural units to wetting either by 
determining their size distribution in water, as, for example, by sieving 
tiie soil on a bank of sieves in water, or by determining the rate jvater 
can percolate into the soil and its decrease with time. The first method, 
which was introduced by A. T. Tiulin,® gives results that are very 
dependent on the exact technique used, particularly on the dryness of 
tlie soil before wetting and on the rate of wetting, due principally to the 
rate at which water displaces the air from the surface of the soil particles. 
Thus, a moist soil, or a dry soil wetted under vacuum, breaks up less 
dian a dry soil wetted slowly by capillarity from below, and this in 
taro breaks up less than a dry soil plunged into water.* 

The stability of the structure can, also be measured by determining 
the rate at which water penetrates into a soil, or its infiltration rate. 
The infiltration rate for a soil with a stable structure remains nearly 
constant with time, except in so far as air bubbles displaced from the 
ticy soil particles block up the coarse pores,* but it faUs fairly rapidly 

'Soil Ra., 1935, 4, 380; Bodenk. IfEmShr., 1936, a, i. See also his book, Micnpedology, 

I 1938. 

'/erm. Agrk. ExpL Sta., Dept. Agrk. Chem.y 1928, 2, 77 - 
t-. \\^. Russell and R, V. Tandiane, J, Agric. Sci,y 19^0, 30, 210. 

. 1 - E. Christiansen, Soil Sci., 1944. 58, 355: A. F. PiBsbury and D. Appleman, ibid., 
‘H 5 > 59, 1 15; R. M. Smith and D. R. Browning, ibid., 1946, 6a, 243. 
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with time if the structure is unstable so the coarse pores becoiiK 
narrower. The principal soil types in which the wider subsoil pores an 
unstable to water are some silt and most alkali soils — the cause 0 
instability in the former being that the structural units in these soil 
are only weak and silt particles are always flaking off the crumbs, st 
blocking up the pores. In practice the principal cause of a reductioi 
in infiltration rate is not the rate at which the subsoil pores block up 
either by the subsoil structure swelling or breaking up, but by tht 
surface structure breaking down and sealing the main drainage channels 
No soil structure can be made so stable in farm practice that the ban 
soil surface can stand up to a heavy rain storm. Once the clods are wet 
heavy rain will soon break some up, and the waiter will become mudd) 
and seal the surface pores. Hence, no bare »il structure can have 
adequate stability to withstand downpours: the\ surface must be pro- 
tected from fast-falling raindrops either by vegetijition or by a mulch ol 
straw, manure or compost, for then the percolating water will remain 
clear, and the pores open, much longer. 

The Breakdown of Soil Structure 

The soil structure can break down in the field for several reasons. 
The least important normally is the breakdown of dry crumbs, which 
can occur if the soil particles are only loosely held together in the clods 
and if high winds can move an appreciable number of sand grains. 
Blowing sand grains can break down the surface structure, but they 
can only be produced in sufficient quantity to be of importance on soils 
having a high percentage of suitably sized fine sand particles (p. 622). 

Disintegration of soil structure only occurs under natural conditions 
during the process of wetting, though in agricultural practice it can 
also be brought about by wrongly timed cultivation operations. There 
are two types of natural breakdown, in one of which the clay and 
organic matter cease to bind the particles together, and in the other 
of which they continue to do so. 

The first type of instability, when the clay particles cease to bind 
when wet, has only been recognised in the field with soils having a large 
proportion of sodium among their exchangeable ions, although a high 
proportion of exchangeable potassium, or even magnesium, might give 
the same phenomenon. The cause of the instability is that the clay 
particles deflocculate on wetting, that is, there is a force of repulsion 
instead of attraction between them when wet, and this can easily be 
demonstrated by gently shaking the soil up with water, when the clay 
will form a stable suspension. The methods for overcoming this frouble, 
which of itself prevents any agriculture being practised, are discussed w 
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Chapter XXXIV. There are two principal types of method, one of 
which is always applicable as it consists in replacing the exchangeable 
sodiunl by calcium as far as possible, and the other, only useful in 
irrigated regions having virtually no rainfall, consists in building up a 
sufficiently high salt content in the soil by using slightly saline irrigation 
water, so that the soil solution is always sufficiently concentrated to 
prevent the clay particles deflocculating. 

Dry clods also break up to some extent on wetting for a quite 
different reason. All clods swell on wetting, some only a little, but 
some a great deal, and the process of swelling mechanically breaks off 
pieces from the clod. These pieces may be small micro-aggregates or 
they may represent appreciable pieces of the original clod. The larger 
the clod, the greater the amount of break-up due to this cause, because 
the greater the movement of the outer layers on wetting. This break-up 
is increased by a second factor, for on wetting a dry clod the adsorbed 
air is displaced, and in general it is displaced faster than it can diffuse 
into the atmosphere. Hence, wetting involves a rapid swelling due to 
this cause also, which is greater the more rapid the displacement of 
the adsorbed air, that is, the more rapid the wetting. It is an effect 
of little importance in coarse, sandy soils, or in dry soils wetted very 
slowly, as, for example, by long-continued gentle rain; but it is much 
more important than the mere swelling effect for loams and clays when 
wetted rapidly, as, for example, with flood irrigation. 

Clods can also be broken down by mishandling when wet, for 
pressing wet clods together makes them lose their identity and become 
a larger plastic mass. This can happen in the field by ploughing or 
cultivating a soil when it is too wet, or by running a tractor or even 
farm stock over the land. Puddling the soil is an extreme example of 
this effect. 

Heavy rain can also break up wet soil clods by the mechanical 
beating the clods receive as they stop large, fast-falling raindrops. This 
is the primary cause of soil erosion in most parts of the world, and, as 
will be discussed in Chapter XXXV, the only way to prevent this 
happening is to ensure the raindy5ps hit something else, such as a 
vegetable mulch lying on the surface or tire leaves of growing plants 
above the surface, provided the water can then run down gently into 
the soil. 

The general effect of cultivating a soil is to break up the soil 
structure, for most cultivation operations, particularly those such as 
hoeing in dry weather to kill weeds, pulverise the soil and make it more 
dusty. But cultivations also increase the rate of oxidation of soil org^c 
•uattef, some fractions of which act as cements binding the soil particles 
together into crumbs. 
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The Building up of Soil Structure in the Field 

No agricultural system can be permanent that docs not irfaintain 
an adequate soil structure, and failure to maintain it has been an 
outstan^g characteristic of some unsuccessful farming systems. The 
methods available for controlling the structure fall into four groups: 
the proper use of cultivation implements, of climate, of manures, and 
of growing crops; and structural control must be able to increase as 
well as decrease the size of the structural units. 

THE EFFECTS OF CULTIVATION IMPLEMENTS AND WEATHER 

The size of the clods present in a field soil can be altered by the 
proper use of cultivation implements and by\the weather; and the 
alterations that can be brought about include deceasing and increasing 
the size of the clods and their stability. \ 

The ability to build up larger fi:om smaller i^ggregates is of most 
importance in sandy soils, for crumbs of medium and heavy soils 
aggregate together, naturally on wetting and drying. The principle 
underlying the method for building up a good stable structure is that 
the optimum structure is produced when the soil is worked at the 
minimum moisture content that allows the soil particles to slip over 
one another and come into closest packing. If the soil is only worked 
with small pressures, the optimum moisture content for working is 
about the sticky point, that is, when the soil pores are just full of water, 
and the stability of the clods so formed falls off fairly rapidly as the 
moisture content differs from this optimum. * As the pressure of working 
increases, so the optimum moisture content decreases,* and the range 
of moisture contents giving a structure almost as good as the optimum 
increases. 

The breaking down of large clods into smaller ones is easy for light 
soils, as the dry or nearly dry clods are easily shattered mechanically. 
Reducing the size of clods of medium to heavy soils, on the other hand, 
can be a much more difficult process requiring the proper use of 
weather and machinery, for cutting up wet clods or smashing dry ones 
— which incidentally produces much dust — requires an extravagant use 
of power and gives an unsatisfectory tilth. 

The art of breaking up large clods of a heavy soil depends on letting 
die dry clods wet a little b^rc working them. Wetting a large, dry 
clod has two effects, the relative importance of which depends on the 

* D. G. Vilensky and V. N. Germanova, Pedology, 1934, p. 34; Trans, ist 

ht. Sae. Soil Set., Versailles, 1934, 17. See also D. G. Vilensky, Aggregation of S^, Aca^ 
jSci. U.S.S.R., 1945, For further examples of this effect, see W. T. McGcorge, Arizw^ Agrtc- 
Sta.f Tech, Bull, 67, 1937; T. F. Buehrer an 4 M. S. Rose, ibid., 7 “eck, Bull. 100, i 943 * 

• S. Henin, Ann, Agran., 1936, 6, 455. 
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method of wetting: slow wetting, such as that caused by a prolonged 
drizzle, encourages the clod to break into a number of smaller clods, 
or at least to develop internal planes of weakness allowing it to be 
easily broken up by a cultivation implement; whilst rapid wettmg, 
particularly when caused by heavy rain, encourages very small crumbs 
to flake off the surface of the clod. This flaking off of fine crumbs from 
a large clod, however, may not result in a finer tilth because if too 
large a proportion of these fine crumbs have been produced, they will 
tend to dry into another hard clod, for crumbs of many loam and clay 
soils finer than a half to a quarter of a millimetre cohere together when 
wet, particularly if some muddy water is present, and will then dry 
out into a coherent mass. 

A second method of breaking down large clods of a heavy soil is 
through the action of frost on the wet clod. The effect of frost on a 
soil depends on its moisture content, the rate of freezing, and the 
amount of water left unfrozen. Slow freezing tends to cause much of 
the ice to be formed in relatively thick layers^ and if the moisture 
content is not too high, considerable volumes of soil will be left almost 
ice-ffee and be subjected to the high pressures due to the expansion 
of the water on freezing. If these soil volumes have a fairly high content 
of unfrozen water, that is, if they have a fairly high moisture content at 
pF values around 4-5 to 5 on the drying curve, so they are relatively 
plastic in this condition, this pressure will give crumbs of great stability 
and of a desirable size® — between about 30 mm. and 3 mm. for the 
Rothamsted soil. These crumbs have a smaller pore space than the 
original clod, owing to the pressure they have been subjected to, so 
that when the soil is thawed some of the water held by the soil before 
the frost becomes free water and drains away. Hence, the effect of 
slowly freezing and then thawing wet clods of a heavy soil is to leave 
it rather drier than it was before the frost and with a very stable crumb 
structure of a desirable size distribution.® 

This desirable fix>st tilth is only produced under the two conditions 
of fairly slow freezing of wet clods* and reasonable-sized volumes of soil 
with a moderately high content o^ unfrozen water between the ice 
films. Freezing sandy soils tends to destroy the structure, for the 
pockets of soil between the ice films are too dry to benefit from the 
pressures set up by freezing. Rapid freezing of heavy soils, or freezing 
them when wet or at very low temperatures, encourages a more uniform 

* For the results of Swedish experiments bearing out this point, see S. Eriksson, LtmArHogsk. 
V, 1941, 9, 80. 

■t-’- Torstensson and S. Eriksson, Kgl. Lmtbr. Akad. Tidshr., I94®> 

, C:. S. Slater and H. Hopp {J. Agrk. Res., 1949 . 7*. 34«. 347) have claim^ that fieezmg 
“^avy soi^ always reduces the water stability of clay clods. The cause of this discrepancy 
"itli normal experience was not investigated. 

E- Jung, Ztsehr. Pfitmz. DSsig., 1931, A 19, 326. 
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distribution of ice throughout the clod, giving smaller volumes of drier 
soil between the ice films, which, when thawed, fall down to much too 
fine a tilth, 

MODIFYING THE COMPOSITION OF THE SOIL 

It has long been known that the structure or tilth of a soil can be 
modified by adding suitable improvers to it, or growing suitable crops 
on it. Claying or marling light soils, which has been practised for 
many centuries in parts of England, helps to bind the sand grains 
together and improve the water-holding power of the soil. Chalking 
heavy soils, applying dressings of farmyard/ manure or composts, 
ploughing in green manures, and laying land down to long leys or 
pastures, are all methods used by farmers for\improving the tilth of 
their land. ' 

The way in which lime or chalk added to a sipil improves its tilth is 
not yet understood, for laboratory measurements have not, on the 
whole, shown up the benefits that practical farmers have always 
attributed to dressings of chalk. In any discussion on this subject two 
operative factors must be separated: the effect of replacing the ex 
changeable aluminium on the exchange complex by exchangcabi 
calcium, and the effect of free calcium carbonate; and these factors 
may affect the ease with which large clods break down into smaller 
ones, the water stability of the smaller ones, the mellowness — or lack 
of stickiness when wet — of the clods, and the type of decomposition 
suffered by the organic matter in the soil and, in consequence, the 
types of organic cements being produced. Unfortunately only a few of 
these effects have been properly investigated. 

The great weight of experimental evidence confirms the result that 
the stability of the crumb structure of an acid soil is not affected by 
increasing the amount of calcium in the exchange complex,^ and it is 
possible that tne exceptions to this rule^ are due to secondary effects, 
as, for example, on the soil population. The effect of excess calcium 
carbonate again has not been rigorously established. Its effect seems to 
be to reduce the size of the clods in a soiP — a desirable effect in clays, 
but undesirable in sands — and at the same time it appears to increase 
the stability of the clods, for C. Childs^ has noticed that drainage 
water coming from limed land had fewer suspended silt and clay 
particles than from unlimed. Chalking a heavy soil may increase the 
mellowness of its tilth, making it easier to work. This almost certainl) 

* See, for example, L, D. Baver, Amer, Soil Surv^ Assoc, ^ 1936, 17, 28; H. E. Myers, 

44 , 331 - ^ . 

* For an example, see H. T. Rogers, J. Amer, Soc, Agron,, 1939, 31, 915. 

* For an example of this on a sandy soil, see A. Demolon and S. H6nin, Soil Hes., 193'-’) 3 ’ 

* J. Agric. Sci., 194-3, 33 . 136 - 
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happens on some soils, such as the Rothamsted clay, but it is hard to 
believe this is a general result, because some of the most difficult F.ngHcb 
clays to work, such as those on the Gault, may have a high calcium 
carbonate content. 

Adding fertilisers to a bare, uncultivated soil usually reduces the 
stability of the structure, calcium fertilisers, such as calcium nitrate, 
having least effect, and sodium fertilisers, such as sodium nitrate, being 
most harmful, with ammonium fertilisers intermediate. ^ On cropped 
land, however, these effects are much less striking.® On the clay loam 
soil on Broadbalk, fifty-five annual dressings of 550 lb. of nitrate of soda 
per acre have had no effect whatever on the structure, though both 
sodium nitrate and potassium chloride have harmed the structure some- 
what on the heavier, less well-drained Barnfield, in continuous mangolds. 

The role of organic matter in soil structure depends on the type of 
organic matter present. Mere organic remains, such as some types of 
peat, have no effect on soil structure itself— although they may assist 
the aeration or the water-holding power of the soil — nor is the effect 
of old stable humic colloidal material very great. Thus, very well- 
rotted composts have less effect on soil aggregation tlian less well-rotted 
ones;® and some fen soils, very high in organic matter, can be very 
poorly aggregated when dry. R. Bradfield* also has noted that some 
prairie soils when badly farmed after being broken up, can have a 
higher organic matter content, but a much poorer aggregation, than 
well-farmed neighbouring soils that have been longer in cultivation. 

Dressings of farmyard manure or compost, particularly if generous 
dressings are given regularly, can have very beneficial effects on the 
soil structure. They cause an increase in the cohesion between sand 
particles, thus increasing the resistance of the soil surface to wind 
blowing and to seeding by rain storms, and they also cause an increase 
in the number of centres around which contraction takes place when 
a clay is dried. This increases the number of fine cracks that develop 
as a clod dries, making it more crumbly® and perhaps for the same 
reason also, less sticky. 

The effect of long-continued dressings of farmyard manure on the 
water stability of crumbs can be illustrated on the permanent wheat 
and mangold fields at Rothamsted, and on other long-term rotation 
experiments that have been carried out in other parts of the world. 
At Rothamsted the proportion of water-stable crumbs larger than 

' For an example, see A. Dcmolon and S. H6nin, Soil Res., 1932, 3, i. 

“ For examples, see D. G. Aldrich et ah, Soil Sci, 1945, 59, 299; R. B. Aldcrfcr, ibid,, 1946, 

® J. P. ^Martin, Proc. Soil Scu Soc. Amer., 1943, 7, 218, 

* Amer* Soil Survey Assoc., 1936, 17, 31. . . 

®Sce, for example, P. V. Vershinin, Pedology, 1938, 1278, for some quanUtative measure- 
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^ mm, m the soil was increased from 28 to 55 per cent on the per- 
manent wheat field, and from 54 to 70 per cent on the heavier soil of 
the permanent mangold field as the result of long-continued annual 
applications of 14 tons per acre of manure. This result has not, how- 
ever, been found in all such experiments; thus twenty-eight annual 
dressings of 16 tons of manure to a loam soil in south-eastern Ohioi 
had little effect on the structure. Very little information is available 
on the effect of customary dressings of, say, 10 tons of manure once in 
every four to five years on the tilth; but in the few cases where experi- 
ments have been made the effect has been small or negligible. 

Soil tilth can sometimes be improved by ploughing in a green catch 
crop, and indeed F. Y. Geltser,^ working i)i Turkestan, and J. J. 
Kanivitza,^ in the Ukraine, both claim that plbughing in a green crop 
is a more efficient way of improving the soil lilth than ploughing in 
farmyard manure, J. P. Martin and B. A, CVaggs^ have confirmed 
this result in some recent laboratory experiment^, and have also found 
this to be the typical behaviour of these two types of material decom- 
posing at soil temperatures in the range 10° to 25° C., but that at 
higher temperatures the opposite result was more typical. However, 
experience elsewhere has not always borne out the value of green 
manuring as a tilth improver, possibly because insufficient green matter 
has been added to effect any appreciable improvement, and possibly 
because, as in the tropics where green manuring may actually do 
harm,® the soil temperatures are too high to give anything but a very 
ephemeral improvement. 

The improvement of structure brought about by additions of organic 
matter depends, at least in part, on the speed with which it decom- 
poses.® The improvement in structure normally increases with the case 
of decomposition of the material, but it mainly occurs after the first 
flush of decomposition is over,"^ After the maximum improvement in 
structure has been reached, which may only take one to three weeks 
if readily decomposable material is added, it may be maintained for 
several months with little deterioration, though in some cases, for 
reasons not understood, it may IjP much shorter-lived. The role of 
lime in improving soil structure on acid soils may largely lie in its 
power of increasing the speed of decomposition, for it appears to be 
more effective as a structure improver on these soils when used in 

^ L. Havis, Ohio Agric. Expt. Sta.^ Bull. 640, 1943. 

* Trans, ist Comm. Int, Soc. Soil Sci.j Soviet SecU^ 1934, Aq, 73. 

* Quoted by N. A. Sokolovsky, Trans, ist Comm. Int. Soc. Soil Sci., Versailles, I934> ^ 9 * 

* J. Amer. Soc. Agron.^ 1946, 38, 332. 

* W. S. Martin, E. Afric. Agric. J.. 1944, 9, 189. Sec also J. B. Peterson, Soil Sci.y i 943 > 

55, 289, for what appears to be another example. • . . 

* T. C. Pecle and O. W. Beale, Proc. ^il Sci. Soc, Amer., 1944, 8, 254; G. M. Browning an 
F. M. Milam, Soil ScL, 1944, 57, 91. 

’ J. K. McHenry and M. B. Kusscll, Soil Sci,, 1944, 57, 351. 
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(onjunction with farmyard manure or other decomposable organic 
matter.^ 

Surface mulches of organic matter — of straw, for example — improve 
the soil structure underneath them very considerably. Part of their 
action is undoubtedly that they protect the surface structure of the soil 
from raindrops, and part is also due to them keeping the surface soil 
moist for a longer period of the year, so allowing the soil fauna, helped 
by the micro-organisms, a longer season each year in which to build up 
a good stable structure. R. E. Stephenson and C. E. Schuster® have 
given an extreme example of this effect. A loam soil was kept under a 
straw mulch on some plots, in volunteer weeds and grasses in another, 
and kept clear of vegetation by scraping the surface of the soil in a 
third. After five years the percentage of water-stable aggregates larger 
than I mm. were 34, 1 7 and 3 respectively. This effect is large enough, 
however, to be readily noticeable in gardens. 


the EFFECT OF GROWING CROPS ON THE SOIL STRUCTURE 

It is common knowledge that an old pasture field, when broken up, 
gives a soil having a very desirable structure for several years, and this 
is sometimes true after a grass or lucerne ley of only a few years’ 
duration. The improvement effected by a ley in a given time depends 
on the ley itself, the soil and the climate. 

The type of grass, and perhaps its management, influences the soil 
structure very strongly. Thus, in Canada, T. Pavlychenko® found that 
crested wheat grass {Agropyron crislalum) was an excellent structure 
improver on the Canadian prairies, a result also found by E. I. 
Vorobieva* in Russia, whilst slender wheat grass {A. paucijlorum) had 


little value. Similarly, W. S. Martin® in Uganda, J. R. McHenry et alP 
in Nebraska, L. B. Olmstead’ in Kansas, and I. P. Sarakhov® in the 
North Caucasian steppes have all demonstrated great differences 
between the structure-forming powers of different grasses. No com- 
parable experiments have yet been made in England, though almost 
certainly our grasses differ considerably in this respect. 

The cause of the difference betwaen grasses as structural improvers 
is not fully understood, though the work of Pavlychenko and of T. M. 
Stevenson and W. J. White* in the Canadian prairies has established 


‘ See, for example, A. T. Tiulin and E. V. Biriukova, Khim. Sotsial. Z«nUd., 1933, No. 2, 
113; S. I. Ilmencv, ibid., 1938, Nos. ii-i 2 , 153- These results are summarised by E. W- 
Russell in Imp. Bur. Soil Set., Tech. Comm. 37, 1938. 

ISoil &i., 1945, 50, 219; 1946, 61, 2ig. . „ , . », o 

Bis. Comte. Ctmada, Publ. 1088, 1942. Pedolop, r 939 > No. 11, 81. 

lEmp. J. Expt. Airie., 1944, la, 21; E. Afric. Agrie. J., 1944 . 9 . * 89 - Photographs the 
soil uncie^ various grasses are given in each of these papers. 

Nebraska J^pL Sia.^sgth Rep,, 1946, p. ii. 

' rrot. Soil Sci, Soc, Amer,, 1947, 1 1, 89. 
redology, 1938, 1265. 


® Scu A^ric,, 194I:, 22, lo8. 
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the importance of two of the factors responsible: the weight of root 
material produced and the strength of the roots, measured by the 
tensile force required to break them. The relative values of several 
species of prairie and pasture grasses as structure improvers depends 
on the amount of strong roots in the soil; very fine weak roots, even 
though they may be in great abundance, appear to be unimportant 
as soil-binding agents soon after the grassland has been ploughed out. 
Thus, crested wheat grass produces a greater length of roots over 
O'l mm. in diameter than slender wheat grass, and its roots, at 
comparable diameters, are stronger. 

The only other plants besides grasses that appear to be efficient 
improvers of the soil structure are lucerne an(i some clovers; and the 
clovers in particular,^ and perhaps under some fconditions lucerne also,^ 
may only be able to exert their greatest effec^ if grown with certain 
grasses enhancing, in fact, the improvement brought about by the grass 
alone. 

Suitable leys left down for three to four years may give a notable 
improvement in structure on some soils, and a few typical figures, 
taken from some results of G. I. Pavlov® and F. Y. Geltser* on irrigated 
land in Turkestan, are given in Table loo. However, much longer leys 


TABLE 100 


The Effect of a Ley on the Water-stable Crumbs in Irrigated 
Grey Desert Soils (Turkestan) 

Per cent of water-stable crumbs larger than I mm. 


Previous 

cropping 

Previous 

cropping 


3 years* cotton 

9 


Old meadow 

79 


2 years’ clover 
I year cotton 

17 


2 years’ cotton 
I year clover 

27 


6 years’ 
lucerne 

30 


3 years’ 
lucerne 

20 


3 years’ clover 

3S 


Old arable 

4 


than this are probably required on semi-arid soils where irrigation is 
not practised,® and also under sonfe English conditions, for at Rotham- 
sted one field that had been under ley for ten years showed no appre- 
ciable improvement in structure, though another that had been down 
for thirteen years had its structure definitely improved. 

The effect of arable crops on the soil structure depends mainly on 

^ N, G. lovenko, Pedology y 1939, No. 6, 37. 

* E. I. Vorobieva, Pedologyy 1939, No. ii, 8i, 

* Proc, 2nd Int, Congr, Soil Sci., Moscow, 1932, r, 179. 

* Trans, ist Comm. InL Soc. Soil Sci.y Soviet Sect.y 1934, A2, 73. 

® P. K. Ivanov, Khim. Sotsial. 1937, No. 8, 64; N. G. lovenko, Pedology, I 939 » 

No. 6, 37. 
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he amount of cultivation the soil receives. Thus, close-spaced crops, 
uch as wheat, barley and oats, have little effect on the structure, whilst 
wdc-spaccd crops, such as maize and potatoes, that receive much 
ater-row cultivation, may cause a deterioration of structure, but this 
5 probably due to the inter-row cultivations and not to the crops 
hemselves. A proportion of the improvement in structure brought 
[bout by long leys may, in fact, be a consequence of the absence of 
ultivation operations during the period the land is under the ley. 


The Mechanism of Crumb and Clod Formation 


Crumb formation is mainly brought about in the field through the 
igency of clay particles, of cements such as certain types of organic 
natter and precipitated films of iron hydroxide, ^ and of living organ- 
sms. In normal arable loam soils the clay is the principal aggregating 
Igency, unless there is more than 2 per cent of organic carbon present,® 
md the clay content naturally controls the proportion of smaller water- 
table crumbs more closely than that of larger,® 

The exact way in which clay binds soil particles together is still not 
mown. In most soils the clay forms a continuous network that en- 
meshes the silt and sand particles, though if the clay is kaolinitic,* and 
n some other circumstances not yet analysed,® the clay may actually 
bind the sand and silt particles together. 

Clay particles aggregate together through the interaction of their 
exchangeable ions and the charges on their surfaces with the water 
molecules between the surfaces, and the binding forces increase 
as the relative orientations of neighbouring clay particles assume 
certain preferred positions. The evidence for the importance of 
orientation is still partly inferential.® Clay crumbs arc larger and 
stronger if derived from dcflocculated, or mainly deflocculated, clay 
pastes than from flocculated ones — conditions which X-ray evidence 
shows to be conducive to mutual orientation of neighbouring particles 
as contrasted with the conditions of more nearly random orientation 
of the neighbouring particles in floes. Vilensky’s result that working 
a soil at a certain optimum moisture content, which decreases with 
increasing pressure, and J. R. McHenry and M. B. Russell’s’ result 


M- F. Lutz, Proc. Soil Sci. Soc. Amer., 1936, i, 43. 

’L. D. Baver, Amer. Soil Suro. Assoc., 1935, 16, 55. , , „ 

’For an example, see G. B. Oarkc and T. J. Marshall, Aust. J. Come. Sci. Must. Res., 


^947» 20, x6f2. 



* 93 % 204, 14^; Thesis, Umo* Paris, 1938; E. A. Hauser and D. S. Lc Beau, J, Physo 
1938, 42, 961; 1939, 43 , 1037. 

Soil Scu Soc. Amer,, 1944s o> 7l« 
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that the aggregation of sand-clay mixtures can be increased by takinj 
them through a certain limited number of wetting and drying cycles 
are both explicable on this hypothesis, for in both cases conditions an 
conducive to helping clay particles take up preferred orientations witl 
respect to their neighbours. 

The importance of the exchangeable ions and water for aggrcgatioi 
can be seen from E. W. Russell’s^ observations that strong clay crumb; 
can only be formed by drying clays dispersed either in water or ii 
a few other polar liquids, such as some of the alcohols, and only thei 
if the clay holds an appreciable number of fairly small exchangeabk 
ions. Russell suggested the simplest way of explaining these results i; 
to assume that clay particles are held togetheij by bridges of orientatec 
water molecules between the dissociated catiohs and the fixed negativi 
charges on the surface of the clay particle, as mown diagrammatical!) 
in Fig. 42. This hypothesis, unfortunately, do^ not explain why cla\ 
crumbs when once dried are usually stable when put back in water, 



CLAV 


particle 


Fio. 42. Diagrammatic representation of two clay micelles held together as in a crumb. 


On the other hand, R. K. Schofield has recently shown that the 
anomalous behaviour of dry crumbs of sodium and potassium clays to 
disperse water is explicable on the*Debye-Huckel theory of electrolytes, 
Strong clay crumbs are thus produced by drying clays froni geh 
rather than floes, for this encourages orientation. Hence, crumbs 
formed from a deflocculated paste of a sodium-saturated clay arf 
harder than those from a paste of a calcium-saturated clay, as the latter 
is never so deflocculated; and adding a salt to the paste, by increasing 
the degree of flocculation, weakens the crumbs and so enables them 
to be broken up easier when dry, as can be seen from Plate V. Strongly 

* Phil. Trans., 1934, 233 A, 361. 
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flocculated pastes not only dry to give weaker crumbs, but the crumbs 
themselves tend to be built out of micro-crumbs which are probably 
the individual floes that were present in the paste. 

The relative effects of calcium and aluminium as exchangeable ions 
on the properties of the dry clay crumbs appear to be that as aluminium 
ions are more powerful flocculators than the calcium, so the crumbs of 
arid clays appear to be rather more crumbly, but also rather more 
water-stable than calcium ones, resulting in acid soils being more 
permeable and less easily dispersed than calcium soils.^ But, as already 
discussed on p. 434, there is still doubt about the general validity of this 
conclusion. 

The effect of the type of clay mineral present in the soil on the soil 
structure has not yet received much study. Montmorillonitic clays 
mixed with sand or silt give typical granular structure, and J. B. 
Peterson® has shown that soils rich in kaolinitic clay typically possess 
a characteristic laminar or platy structure, unless they contain much 
exchangeable calcium or mobile iron compounds, in which case they 
also possess a granular structure. 

Clay, and possibly silt particles also, can bind certain components 
of the soil organic matter on their surface, as discussed on pp. 285-8, 
though what these components are is not known. Crumbs built out 
of these clay-humus particles are probably weaker, more crumbly or 
friable, and less sticky when wet than crumbs built out of the uncoated 
particles. But this important aspect of crumb formation has received 
little attention from research workers, so cannot be discussed any fu^er. 

The mechanisms by which organic matter can cause soil particles 
to aggregate into crumbs have not all been analysed out. As already 
pointed out, mere humus does not necessarily possess the power of 
binding soil particles together, and in fact organic matter often seems 
to improve the structure more by the process of its decomposition than 
by its presence. This is still a subject in urgent need of careful research, 
wth few facts really firmly established, so the following discussion must 
be rather tentative. 

Some of the components of the soil organic matter can unquestionably 
bind silt and clay particles into crumbs, though what these components 
ate cannot yet be specified, as no work with carefully separated organic 
fractions has yet been done. The theory of humus formation which 
We have developed in Chapter XV is that it is mainly composed of 
compounds derived from the oxidation of lignin, and of compounds 
produced by microbial metabolism. Some of the products of microbial 

' J- P- J.utz, Missouri Agrk. Expt. Sla., Res. Bull, aia, 1934; L. D. Baver and N. S. Hall. 
'“•'I-. Rfs. Bull 367, 1937; H. E. Myew, SoU Sci., 1937, 44, 33U J- B. Peterson, ibid., 1946, 

“<w. Soil Sci. Soc. Anur., 1945, 9, 37. 
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metabolism, particularly polysaccharide gums^ can be effective aggre- 
gators in the laboratory, and so also can some of the fats, waxes, and 
resins set free during the decomposition. There is still, however, some 
doubt about the importance of this factor in the field, as the concentra- 
tion of gum required to produce good aggregation is between o-i and 0 5 
per cent, which is probably considerably higher than it occurs in the 
soil. Further, some workers have failed to demonstrate this aggregating 
effect of gums with the techniques they have used.® 

It is also fairly certain, although there is little good evidence to 
prove the statement, that lignin-derived material can be an efficient 
aggregator. The mechanism through which ijt functions has not been 
proved, but metallic ions, such as calcium i|i neutral soils and alu. 
minium in acid soils, probably play an essential role in linking the 
organic with the clay particles. If Sideri’s views\are correct (see p. 287), 
it is also possible that some organic fractions m^y help to improve the 
aggregation brought about by the clay particlei^ through their alleged 
effect in causing clay particles in their neighbourhood to take up a 
common orientation. 

Earthworms may be an important agent in producing a good soil 
structure, for their casts have a better structure than the bulk of the 
soil. The reasons for this better structure have not been worked out: 
it may simply be due to the clay, humic material and calcium salts all 
being intimately mixed with each other and with the larger silt and 
sand particles in the worm’s gut, or it may be due to mucilages pro- 
duced either by the worm or by bacteria in its gut. However, this 
improvement in structure is only small compared with that brought 
about by a ley. This is illustrated by the following results of A. K. Dutt,’ 
which show the proportion of water-stable crumbs between 4-7 and 
2 mm. in size in the top 3 inches of a sill loam soil carrying different 
crops and in the wormcasts formed on them. 

In top 3 inches of soil In wormcasts 

Arable 7 19 

Three-year ley 46 58 

Forest 59 * 68 

The wormcasts on the arable soil have a better structure than the soil 
itself, yet the improvement brought about is much less than that brought 
about by a three-year ley; and the ley improves the structure of the 
whole soil whilst the casting-species of worms only improve the structure 

• S. Winogradsky, Am, Inst. Pasteur, jpsg, 43, 54q; J. P. Martin, Soil Sci., 1946, 61, 15 "’ 
M. J. Geoghegan and R. C. Brian, Biochem. J., 1948, 43, 5. „ , c 

® See, for example, D. S. Hubbcll and J. E. Chapman, Soil Set,, 1946, 6 z, 271; SwaDy, 

J, Gen. Microbiol., 19/J9, 3, 236. 

^ J. Amer. Soc. Agron., 194B, 40, 407. 
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of a small proportion of the soil in an arable field. R. J. Swabyi has 
confinned this observation on the Rothamsted soil, for he found that 
the casts of A, noctumi, the most common casting species there, have a 
good structure if produced on grassland but not if produced on arable. 

The living organism itself can certainly hold soil particles on its 
surface, presumably through the surface containing some of the 
microbial gums just mentioned. Thus, M, L. Jackson, W. Z. Mackie 
and R. P. Pennington,® using an electron microscope, showed that 
many soil bacteria had clay particles clustered around them, and that 
some crumbs are simply aggregates of these tiny granules. Filamentous 
fungi can also bind soil particles on to their mycelia and so form 
water-stable clods that are porous and may be fairly strong,® but fungi 
differ very markedly in their power to do this. Thus, some species of 
Cladiosporium,* PenicilliumP and Trichodema virid^ are good aggre- 
gators, whilst other species of Penicillium and RJnzopus’ are poor. The 
mechanism of this structure formation is not settled: it may be pre- 
dominantly a mechanical entanglement of soil particles between the 
fungal hyphae, or it may be this combined with micro-crumbs of silt 
and clay adhering to the hyphae. The actinomycetes tested have less 
power of forming crumbs than the effective fungi. These effects of 
micro-organisms in producing soil structure are illustrated in the top 
half of Plate XXI, which shows that the mixed culture of 22 species 
of soil fungi produced a definite, though weak, water-stable structure 
when growing in the Rothamsted soil to which a little glucose had been 
added; the mixed culture of 33 species of soil actinomycetes produced 
much less effect and the 66 species of soil bacteria still less. 

F. Y. Geltser® has propounded a theory that the best structure is 
produced in a soil during the process of the bacterial decomposition of 
the fungal hyphae. She pictures the process by which the soil structure 
is improved when one adds decomposable organic matter as follows. 
The added organic matter is first attacked by fungi, and although this 
stage is often characterised by the production of dark-coloured gummy 
or humus-like material, this has little aggregating power. Then the 
fungal mycelia are attacked by small, rod-shaped bacteria, and it is these 

‘,7. Soil Set., 1950, I, 195. 

^Proc. Soil Sci. Soc. Aim., 1947, II, 57. 

, ’J. P. Martin and S. A. Waksman, Stnl Sci., 1940, 50, 29; T. M. McCalla, Pnc. Soil Set. 
Amer., 194,7, *60. 

T. G. Peclc, J. Amer» Soc. Agron.^ ic)40> 204. 

‘T.C. Pecle and O.W. Beale, 1941 , 8 . 33- 

I. Kanivets and N. P. Korneeva, Pedology, 1937, 1429; A'Atm. Sotsial. Z^^ded., 1938, 

J- L. Martin and D. A. Anderson, Pw. Sri. iSor. dmw., 1943, 7, 215. 

. See, Tor example, her book (in Russian) Tfu Significance of Micro-organisms in the Formation 
Humus J Moscow, 1940. For an English summary of her views, sec Soils and FerUy 1944? 
7} 1 19. 
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bacteria that produce the active crumb-forming compounds, which are 
then excreted into the soil on the autolysis of the bacterial cells. These 
products are also dark-coloured and gummy, but combme with the 
clay particles, and it is these clay-humus particles that form the 
structure. 

Some earlier results of J. G. Shrikliandei are in accord with Geltser’s 
hypothesis. He was investigating the amount of mucilage produced 
by various organisms, as measured by the stickiness of the compost, 
when they were decomposing sterilised oat straw; and he showed that 
although neither the fungi nor the cellulose decomposing bacteria he 
used produced any mucilage when in pure culture, yet when the 
bacteria were inoculated into the straw after the fungi had been decom- 
posing it for forty-eight days, they produced considerable amounts of 
mucilage, much more so than if they were inoculated into the straw 
at the same time as the fungi. The productioit of mucilage, therefore, 
appeared only when the bacteria began workiiig after extensive fungal 
development, but the experiment did not show if the bacteria were 
then decomposing fungal tissue or straw residues. However, the experi- 
mental results of B!!. J. Swaby, illustrated in the bottom half of Plate 
XXI, do not accord with Geltser’s hypothesis, for these show that the 
weak but water-stable structure produced by fungal hyphae is destroyed 
if they are attacked by mixed cultures of soil actinomycetes or bacteria. 

The products micro-organisms excrete into the soil are not, however, 
necessarily beneficial. Some by-products, such as gums and mucilages 
will reduce the size of some of the soil pores, and this could be very 
underirable if the soil is fine-textured, so possessing only a few pores 
down which surplus water can drain, particularly if these pores are 
near the lower size limit that permits water to move down at a useful 
rate. In such a soil the aerobic micro-organisms will develop most 
freely in these few pores, and if such by-products accumulate in them 
they will be narrowed sufficiently to have their permeability reduced 
appreciably.® There is no evidence that this effect is of any importance 
in temperate agriculture, though it may play an important role in keep- 
ing the permeability of paddy rice ^fields low. Further, these gums and 
mucilages may wet with difficulty after they have been dried, so that il 
they have been produced in abundance, as, for example, through large 
quantities of sugar or fats having been added to a soil, they will watei- 
proof the crumbs, preventing them from being wetted, and sometimes 
completely preventing percolation through the soil. 

The soil structure formed by grass roots is very characteristic. If® 
root is carefully removed from the soil it will be seen to have a large 

* Bitchm. J,, 1933, ay, 1551. 

* For examplfs, sec L. E. Allison, Soil 5 ci., 1947, 63, 439. 
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number of small crumbs hanging on to it, as is shown in Plate XXII, 
and many of these crumbs arc clusters of very small crumbs or granules. 
Xliis characteristic structure thus requires two mechanisms: one for pro- 
ducing the granules and the other for holding them together in clusters. 
As with so many aspects of soil structure, no adequate examination of 
these mechanisms has been made; but the root is probably directly 
responsible for holding the clusters, or at least the larger clusters, 
together, whilst micro-organisms associated with the roots may be 
mainly responsible for the granules and for their small clusters. 

The evidence for the importance of the root itself is derived from 
an examination of the rate at which this structure is produced by 
difi'erent types of grasses and the rate at which it decreases after the 
grassland has been ploughed out; the Canadian work, described on 
p. 437, illustrates the kind of evidence that is available at the present 
time. Once the roots holding the clusters together have decomposed, 
the clusters themselves disintegrate into their constituent granules. 
But this work does not show how the roots bind the granules together 
into clusters — it merely shows that the clusters cannot last any longer, 
and usually last for a shorter time, than the roots. 

The evidence for the mechanism holding the fine soil particles 
together into granules is still meagre, but two, which are not mutually 
exclusive, have been postulated. One, developed by E. N. Mishushtin^ 
in Russia, and D. S. Hubbcll and J. E. Chapman® in America, is that 
the granules are formed by the fine soil particles adhering to living 
root hairs, fungal and actinomycete hyphae or even bacteria, as already 
discussed. This is a perfectly possible mechanism whilst the grass is 
growing, for the roots carry a IcU'ge micro-organic population on and 
around them, but it is difficult to see on this picture how these granules 
can survive the ploughing out of the grass with the killing of the root 
hairs and the micro-organisms associated with the roots. The other 
mechanism, developed by F. Y. Geltser, is that the fine soil particles 
are cemented together by organic compounds produced by the micro- 
organisms living on the grass roots or in their immediate neighbour- 
hood. Geltser considers that the ^most important cements are the 
autolytic products of some of the rhizosphere bacteria, and has recently 
claimed to have increased the speed with which a short-term ley can 
improve the soil structure by inoculating the seed with a culture of 
rhizosphere bacteria taken from the roots of leys growing on land 
having a very good structure.* 

Our present knowledge about the processes responsible for structure 
formation in the soil is thus seen to be very limited. Clay is a powerful 


^ 1 ‘fdohgy, 1945, No. a, laa. 


* Soil Set., 1946, 62, 271. 
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aggregator, but whether it is an acid or a neutral clay seems to make 
little difference to the stability of the crumbs, though excess calcium' 
carbonate may weaken them mechanically so making them more 
mellow. Crumbs in which clay is the predominant cement probably 
possess little granularity: that is, they are usually fairly uniform in 
internal structure and do not appear to be built out of smaller granules. 

Some humic fractions appear to be good aggregators giving weaker, 
more crumbly clods, that are less sticky when wet than clods held 
together by clay alone, though whether these clods or crumbs possess 
a granular structure or not has not been examined in detail. Some 
workers claim that the ideal cement for a goo<^ friable structure is clay 
particles coated with a suitable humic fractioij, but this concept of the 
clay-humus complex as something more effective than the individual 
clay and humic particles has not yet been developed in detail. 

Crumbs produced by grass rootlets, by somq fungi, and possibly by 
some actinomycetes and bacteria, are very granular. Each granule 
consists of silt, clay and sometimes fine sand particles clustering around 
a rootlet or a bit of fungal hypha, and the crumbs are built out of 
clusters of such granules. 



CHAPTER XXIV 


the development of plant roots in soil 

[he soil affects the plant primarily through its effect on the root 
ystem, and these effects should form the basis of this book. Unfortu- 
lately, investigations on the root systems of crops growing in the field 
ire difficult to carry out, and in consequence our knowledge of the 
nteraction between the soil, the roots and the aerial parts of the 
)lant and, as important, between neighbouring root systems, is very 
canty. ^ 

Plant roots can have four separate functions: they absorb nutrients 
ind water from the soil; they transport these from the areas where the 
ibsorption takes place to the stems; they may act as food storage organs, 
IS, for example, in the root vegetables; and they may anchor the plant 
into the soil. The relative importance of these various functions depends 
an the plant and the local conditions. 

Only a restricted part of the plant root takes part in nutrient and 
water absorption. The growing part of a plant root is usually white, 
but as it ages it turns brown, due to its outer layers becoming suberised, 
that is, to a corky material being deposited around them. These 
unsuberised white roots, except just for the area around their growing 
points, absorb water and nutrients,® but once suberisation begins their 
absorbing power falls very rapidly. But the absorbing power, both of 
these roots and the lightly suberised ones, is increased very considerably 
by the surface epidermal cells in the unsuberised layer, and by some 
of the lower epidermal cells where suberisation has just started, sending 
out root hairs into the soil that may be several millimetres long and 
about a hundredth of a millimetre in diameter.® Some results of 
H. J. Dittmer,* given in Table loi, illustrate the great contribution 
root hairs can make to the absorbing surface. Unfortunately, he only 
estimated the total surface of the roots; the surface capable of absorbing 
nutrients is considerably less. 

The root hairs have a slimy surface and fine soil particles stick on 
to them. Thus, the root hair comes into very intimate contact with 

^ I'or accounts of the root system of crops, see J. E. Weaver, Root Devdopment of Field CropSy 
/ ^ ^)rk, 1926, and other publications of his on this subject; E. C. Miller, Plant Pkysiohgy 

chap, ^ York, 1938; and for orchard trees in particular, W, S. Rogers, 

1939. 17, 67. 

^ . rrevot and F. C. Stewart, Plant PhysioL, 1936, ii, 509. 

^ f or a description of root hair development, sec K. Wilson, Ann, Bot, 1936, 50, 121 
Science y 1938, 88 , 482; Soil Conserv., 1940, 6 , 33. 
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many soil particles. These root hairs and many of the unsuberisec 
roots^ are often only very short-lived in the soil, as is illustrated ii 
Plate XXIII for some feeding roots of the apple. Hence the plant ma^ 
be continuously supplying the soil micro-organisms with a fairly rcadil' 
available food supply in the form of dead and sloughed-off roots an( 
root hairs. 

TABLE 101 


Surface Area of Roots and Root Hairs of Various Crops 

Roots and Root Hairs in a cylinder of soil 3 in. diameter and 6 in. deep 



Roots 

Root hairs 

Length 

in 

feet 

Surface 

area, 

sq. inches 

Number 

in 

millions 

Length 

ln\ 

feet\ 

Surface 

area, 

sq. inches 

Per cent of soil 
volume 
occupied by 
roots and root 
hairs 

Soybeans . . 

c95 

63 

6 \ 

I960 

43 

0-91 

Oats . . . 

150 

49 

63 

26400 

530 

055 

Rye . . . 

210 

78 

125 

55100 

1190 

0-85 

Bluegrass. . 

1260 

330 

51-6 

169500 

2450 

2-80 


These unprotected root hairs and unsubcrised roots, which ar 
responsible for the water and nutrient absorption of roots, are easil 
injured by unfavourable circumstances, such as poor aeration, lack c 
moisture, high acidity and its consequences of high soluble aluminiun 
or manganese compounds. In so far as roots can grow in such soils 
they have few root hairs and the new root tips suberise rapidly;’^ henc 
roots in such soils only have a very small absorbing system, so that th 
plants cannot withstand strongly drying conditions. Draining ai 
inadequately drained soil, in fact, increases the drought resistance c 
iie crops it carries, because it allows a greater development of the roc 
irea that can absorb water;® and water-logging a soil previously we 
icrated quickly kills all the root ha’rs and unsubcrised roots, and, henc( 
usually the plant. 

The rate of root growth depends on the temperature and the wate 
cind air supply in the soil, on the amount of carbohydrates the aerii 
parts of the plant translocate to the root system, and on the competitio 
they suffer with other roots. Roots only grow in soils in which there ar 

* For method of observing tfiis, and the photographs reproduced in Plate XXIH, « 
W. S. Rogers, J. PomoL^ 1939, 17, 99. 

* G. H. Bates, J. Bcol., 1934, 33, 371. • 

* For illustrations of this effect on the root system of coffee, sec F, J. Nutmaiij - 
Expt. AgrU., 1933, I, 271, 285. 





break-up of the water-stable aggregates built up by the mycelia of the fungus 
ppcrg .'yj nidulans (initial)^ after It had been heat-killed and the soil inoculated with 
a number of species of other organisms 
(P. 443 ) 
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m adequate number of channels large enough for the root to penetrate, 
[f the soil is too compact, then root growth is inhibited. Thus roots 
;annot ramify in hard pans or other subsoil pans, and can only pene- 
trate into them through pre-existing channels or cracks. Again roots 
:annot ramify throughout the bulk of clay soil but are restricted to the 
;racks between the clay crumbs and to other channels. 

Roots only grow actively in moist soils, although little is known about 
the maximum suction of soil water that permits root growth. Roots 
cannot usually grow into soil dried to its wilting-point moisture 
content, that is, whose water is under a suction of 7 to 10 atm.,^ 
and W. S. Rogers* found that apple-tree roots will not grow in soils 
whose water is under a suction about half an atmosphere. 

However, under some conditions the roots of some plants can grow 
in dry soils provided part of the root system is in moist soil.® The root 
system appears to transport water from the wetter regions and excrete 
it into the drier: the new growth appears, in fact, to take place in the 
zone wetted by excretion,* and under these conditions the roots can 
lake up some nitrogen and perhaps some potassium from the dry soil 
they have wetted, though their power of taking up phosphates is more 
doubtful. 

The root system of most plants only grows vigorously in well-aerated 
soils, and in these conditions it develops into a profuse, much-branched 
system of fine rootlets, many of which are short-lived. As conditions 
become unfavourable these rootlets are rapidly killed, or unable to 
develop, leaving a system of thicker, shorter and much less branched 
roots. Hence plants usually have a finer, more branched root system 
when growing in a sandy than in a clay soil. 

The aeration of the soil affects the roots through three factors: the 
oxygen content in the soil air, the carbon dioxide content, and the 
contents of by-products of anaerobic decomposition, such as hydrogen 
sulphide, methwe and hydrogen, which accumulate in the soil. The 
effects of these three factors have rarely been separated out in the root 
studies made in the field. > 

All roots arc killed by high COj.. concentrations, but many appear 
to tolerate g to to per cent for short periods. However, for optimum 
growth, concentrations of under i per cent are probably necessary.® 


1.,' exsunple, A. H. Hendrickson and F. J. Vcihmeyer, Plant Physiol., J93i > 6, 567; 

” ■ H. Metzger, J. Amor. .Soe. Agron., 1938, 30, Co; A. S. Hunter and O. J. Kelley, Plant 
/'!)■««/., 194,6, ai, 445. 

,/. romoLy 1939, 17, 99, 

*.1. F. Breaaseale* Arizona Agrk. Expt, Sta.j Tech. Bull. 29, I93®J J* Crider, Tech* 

r>3» 1934. 

* A. S. Hunter and O. f. Kelley, Plant Phvsiol., 1946, 21, 445; G. M. Volk, J. Amor. Soe. 
■%«(., 1947, 39, 93. ' 

, “.)• Stcklasa and A. Ernest, ZM- Bakt. II, 1905, 14, 723; H. Lundegirdh, Soil Sci., 1927, 
*3, 417- 


S.C.— 16 



450 THE DEVELOPMENT OF PLANT ROOTS IN SOIL 

Root development appears to be affected if the oxygen content fali^ 
below 9 to 12 per cent, depending on the crop, and to cease if it falls 
below 5 per cent.^ The oxygen demands of the root, and its sensitivity 
to carbon dioxide concentration seem to increase as the temperature 
increases. 2 These results, however, do not apply equally to all crops. 
Rice, buckwheat and some willows, for example, grow well with a very 
restricted air supply around their roots. Tomatoes, and possibly peas 
and maize, need a very good air supply, and may even only make 
optimum growth if the air supply around their roots is either artificially 
improved or enriched with additional oxygen; the cereals and soybeans 
appear to come intermediate between these glasses.* 

The effect of the by-products of anaerobic (conditions on plant roots 
has not been studied in any great detail. Hydrogen sulphide, even in 
very low concentrations, is toxic to most plant roots. Methane has 
been shown by J. Vlamis and A. R. Davis to h^ve little effect on barley 
and appears to have improved the growth of fice. Hydrogen at low 
concentrations does not have any pronounced effect on the root 
development of plants, though it probably inhibits nitrogen fixation 
by the bacteria in the root nodules of leguminous plants.* 

There is a close connection between the air conditions around the 
roots and their uptake of water and nutrients, H. T, Chang and 
W, E. Loomis^ grew wheat, maize and rice plants in water solutions 
in quartz sand, and showed that increasing the Carbon dioxide content 
of the solution reduced the uptake of water and some plant nutrients, 
particularly potassium and nitrogen, very considerably, whilst reducing 
the oxygen content of the solution and keeping the carbon dioxide 
content low, by bubbling through nitrogen gas, had little effect on the 
plants’ uptake of cither water or nutrients. On the other hand, L. P. 
Pepkowitz and J, W. Shive,® who grew soybeans and tomato plants 
in water cultures under conditions where the carbon dioxide concen- 
tration was kept low, found that tlie uptake of nutrients by these plants 
increased with increasing oxygen tension in the solution to a maximum 
and then decreased as the tension increased beyond tiiis point. 

The temperatures at which active root growth takes place have 
not been worked out in detail, but the roots of most commercial crops 
and trees need temperatures well above the freezing-point for active 


^ Sec, for example, D. Boynton ei a/., Seknet^t 1938, E8, 569; Proc* Amer, Soc. Hort. ScL 1943? 
42, 53; H. Vine, Trap. Agric. Trin,, 1942, 19, 220. 

* W. A. Cannon, Science, 1923, 58, 331. « i; 

*E. E. Free, Jofins Hopkins Unio. Circ. 198, 1917; VV. A. Gannon, Carnegie Inst. Puol- 3 ’ 

1925; S. G. Gilbert and J. W. Shivc, Soil^Sci., 1942, 53, 143; 1945, 59, 453; J* Vlamis ana 
hi R. Davis, Plant Physiol., 1944, 19, 33. « 

* P. W. Wilson and R. H. Burris, J. Bact., 1944, 47, 410, 

^ Plant Physiol,, 1945, 20, 221. 
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growth* Rogers,^ for CRRmplc^ found thut while upple-tree roots could 
make some growth in soils as cool as 35®?. or about 2®C.,2 they did 
not grow actively until the soil had warmed up to 45° F. {fC.). On 
the other hand, if the temperature becomes too high, growth again is 
checked, and this check is more severe the more unfavourable are other 
goil conditions, such as pH. and aeration in particular. 

The carbohydrates available for translocation to the roots for their 
growth appear to be a proportion of those not immediately needed 
by the aerial parts of the plant. Hence, any factor which allows carbo- 
hydrate production to go on but discourages aerial growth encourages 
active root growth. Thus, root growth does not take place when corn 
crops are ripening their seed, cotton plants are producing their bolls, ^ 
or fruit crops their fruit, for then the aerial parts are drawing heavily 
on the available carbohydrate supplies. An observation of F. J. Nulman^ 
affords a good illustration of this effect. He showed that if coffee trees 
were allowed to overcrop, this so reduced the carbohydrate supply to 
the roots that insufficient feeding roots were produced to take up enough 
nutrients to mature the crop without harm to the tree. On the other 
hand, if a crop is prevented from ripening its see’d, by removing its 
flower heads, for example, it may be encouraged to make extra root 
growth at this season, and this is the reason for the fruit-grower’s 
practice of preventing newly planted trees from carrying a fruit crop. 

The effects of fertilisers on root growth are mainly indirect, as their 
direct effects are usually on the rate of leaf growth and of carbohydrate 
production. If a crop is growing in a moderately fertile, moist soil 
favourable for root growth, and a fertiliser is added which remedies 
all nutrient deficiencies, the fertiliser may only increase top growth 
without any great effect on root growth: this is probably the most 
common effect of fertilisers on normal, reasonably fertile, agricultural 
soils. On the other hand, if the soil is very poor in a nutrient, all 
growth may be severely limited if the nutrient is not added. This is illus- 
trated in Plate XXVI, which shows the stunted root system of an eight- 
year-old gooseberry bush growing on a poor sandy soil without added 
nutrients and the much deeper and^ extensive root system of a similar 
bush given a good dressing of farmyard manure before planting. 
Soils short of phosphate also illustrate this condition very well. Crops 
growing on such soils are stunted: they cannot produce much leaf, 
^nd hence much carbohydrate, so that the whole plant is starved. 
Adding phosphates increases leaf growth very considerably, which 

^ J. Pomol.f 193(), 17, 99. _ 

E. B. Earley ahd J. L. Cartter, J. Amer. Soc. Agron,y 1945 , 37, 727, a similar effect 

with soylSeans. 

® For an example of this, see F. M, Eaton and H. E. Joham, Plant PhysioL^ 1944, 5® 7* 

J. E)^t, Airic,, 1933, I, 371, 285. 
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can now produce much latter quantities of carbohydrate which, in 
turn, allows much greater development in the root growth. Phosphates 
as such, appear to have no specific effect in increasing root growth, ij 
spite of many earlier statements to the contrary. 

This effect of adding a nutrient in short supply on the root develop, 
ment of a plant has the interesting consequence that the fertiliser, bv 
increasing the root range of the plant, increases the amount of nutrients 
the plant can take up from the soil. Thus, J. W. T. Spinks and S. A. 
Barber,^ using radioactive phosphorus P*®, showed that wheat plants 
take up more soil phosphate from a phosphate-deficient soil if they are 
given superphosphate than if they are not. "^he authors unfortunately 
did not examine the effect of the supcrphospliate on the root dcvt:Iop. 
ment of the crop, but the easiest interpretation of their result is that 
given above. \ 

The position in the soil where the fertiliser is put, however, afferts the 
root development, for roots will ramify in the fertilised volume. Thus, 
putting the fertiliser in the subsoil will usually give a greater develop- 
ment of roots there^than if it is all put in the surface soil.® This practice 
of deep fertiliser placement can also affect the drought resistance of 
plants growing on soils having poor subsoils in dry years, and this will 
be discussed further on pp. 472-4. 

The effects of water supply on the root system are also indirect. 
Plants have usually only a shallow root system if grown in moist, fertile 
soils, for the aerial parts can use most of the carbohydrates produced, 
But a drought setting in after the plant has become established en- 
courages a deep root system, for the first effect of water shortage in 
the soil is to reduce the rate of new aerial growth, hence, is to make 
more carbohydrates available for root growth. The classical examples 
of the effect of water supply on the depth of root development come 
from the American prairies.® The deepest root development is found 
in regions of moderate summer droughts but adequate winter rain, so 
that at the beginning of each growing season the soil is wet to a con- 
siderable depth, and during the summer there is enough rain to keep 
the prairie plants growing with the help of the water stored in the top 
few feet of soil. Under these conditions over 65 per cent of the snecies 
present will send their roots down to a depth of at least 5 feet, and 
many will reach 9 feet and a few 20 feet. This is illustrated in Plate 
XXIV* for a prairie at Hays, Kansas, when the root systems were 

’ Set. Agric., 1948, a8, 79. 

* For red clover in New Jersey, sec N. A. Fcirant and H. B. ^rague, Soil Set., 5 ' 
141; in Ohio, J. Bushnell, J. Amur. Soc. Agron., 1041, 33, 823. For sweet clover, see u 
Smith, C. A. Woodruff and D. M. Whitt, Agru. Engng., 1947, 28, 34'7. 

*Sec, for example, H. L. Shantz, V.S. Dept. Agric. Bur, Plant IndmL, Bull. ’ 

J. E. Weaver, Carnegie hit, Publ. 286, 1919; 292, 1920. 

* F, W. Albertson, Ecol Monogr.^ 1937, 7, 481. 
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examined during a period of years of average rainfall. It shows that a 
large proportion of the grass roots extended to 4 to 5 feet and many of 
the herbaceous plant roots went down to 6 to 8 feet. But as the rainfall 
decreases, so the rain wets the soil to a progressively shallower depth, and 
as the root zone is mainly confined to this depth, it becomes shallower. 
This is shown in Plate XXV ‘ for the same prairie as in XXIV but after 
a run of years of low rainfall. It shows clearly that the grass roots are 
now confined to the top i to 2 feet, and that the depth of rooting of the 
herbaceous plants is also much decreased. Weaver has also given an 
example from the Great Plains of this effect of amount of rainfall on the 



43 - The eflect of the amount of rainfall on the depth of rooting of winter wheat. 
• (Very fine sandy loam — silt loam in the Great Plains.) 


* J, E. Weaver and F, W. Albertson, EcoL Monogr,, 1943, 13, i. 
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depth of rooting of wheat, which is shown in Fig. 43.^ As the rainfall 
decreases from 26 to 32 inches to 1 6 to 1 9 inches, the root system decreases 
in depth from about 5 feet to 2 feet and the height of the wheat froij 
just over 3 feet to just over 2 feet. On the other hand, as the rainfall 
increases, so the root system once again becomes more shallow, because 
the roots can find all the water tliey need in the superficial layers of the 
soil to carry the crop through the normal summer droughts. This is 
probably the principal factor responsible for plants usually being deeper 
rooted in light sandy than in clay or loam soils in the temperate region 2 
for the former will hold less available water per foot depth of soil than 
the latter, although the higher carbon diopde concentration in the 
subsoil air of the loam or clay may also be id part responsible, in so far 
as it is not a reflection of the higher water-hilding power of the soil. 

It is therefore only when conditions favou^ deep rooting that plants 
can display their capacity to form deep root!^. If conditions arc con- 
tinuously moist, all plants are shallow rooting and their root systems 
occupy the same layer of the soil. But as conditions increasingly favour 
deep rooting, the shallow-rooting species have their roots confined to 
the lop layer and the deep rooting have their root system increasingly 
developed in the lower layers, so that the root systems of different 
species are increasingly concentrated in their characteristic range of 
depths. 

The dependence of the depth of the root zone on the water supply 
can be seen very clearly in irrigation work. Frequent light irrigations 
encourage shallow rooting, and infrequent heavy, deep rooting. 
Thus, C. A. Thompson and E. L. Burrows® found lucerne roots only 
penetrated 3 to 4 feet when the water was supplied in 2-inch irriga- 
tions, but to 5 feet if 5-inch irrigations were used; yet in the semi-arid 
deep silts of Nebraska they will penetrate 20 to 30 feet, and dry out tlie 
soil to that depth.* Deeper rooting, and hence heavy, infrequent 
irrigations are normally desirable in the earlier part of the growing 
season, mainly to allow the crop to tap as large a volume of soil as 
possible for nutrients, and to provide an insurance against periods of 
very high transpiration. These considerations naturally do not apply 
to market-garden crops grown with large amounts of fertiliser in regions 
of adequate water supply and only moderately high transpiration rates: 
here frequent light irrigations are preferable, as all carbohydrate 
production can then be used for producing more leaves and, hence, 
usually more saleable vegetables. 

^ Root Development of Field Crops, New York, 1926. ... 

* K. Linkola and A. Tiirikka, Ann. Sot. Soc. Vanamo, 1936, 6, No. 6; V. J. ’ 

ibid., 1947, aa. No. 2. * New Mexico Agric, ExpU Sta., Bull, t ^ 3 * ^9 • 

* F. L. Duley, J. Amer. Soc. Agron., 1929, ai, 224; T. A. Kicssclbach et al., ibid., i 929 > 
241. 



EFFECT OF SOIL TYPE 


455 

This dependence of root development on the surplus carbohydrates 
produced by leaves, as affected by the water supply, becomes of great 
importance in the correct management of pastures. Hard grazing of 
pastures reduces surplus carbohydrate production, for then all carbo- 
hydrates produced are needed to make good the loss of leaf. Hence, 
a hard-grazed pasture is typically shallow rooted; and hard grazing 
is, therefore, a practice only suited to moist climates. As the climate 
becomes more arid, the herbage must be allowed to grow longer, and 
hence the grazing must be lighter. Thus, W. R. Hanson and L. A. 
Stoddart^ found on the semi-arid ranges of Utah the roots of bunch 
wheat grass [Agropyron inerme) only penetrated to about 30 cm. on over- 
grazed range and to about 60 cm. on protected range, and E. L. Florey 
and D. F. Thrussell, working on New Mexico ranges, found the roots 
of black and blue grama grasses [Bouteloua eripoda and gracilis) pene- 
trated to about 4 feet on properly grazed range, about 2 feet on over- 
grazed, and to under 1 foot on badly over-grazed. 

The actual type of root system developed by a plant also depends 
to some extent on the soil conditions. The root system tends to be 
more branched and more compact in fertile than in poor soil, and if 
the roots are growing in soils of variable fertility, the habit of the root 
system varies with the fertility. Thus, if a plant is growing in a rather 
poor soil recently manured with farmyard manure, each pocket of 
manure will be filled with short, much-branched roots, and if the soil 
is stratified with layers of sand and clay, the root system will often be 
of the fertile type in the clay and the open type in the sand. However, 
if the clay is rather plastic, the root system will be confined to the spaces 
and cracks between the clay clods and crumbs, and because of the 
compression these roots will suffer during wet weather when these 
cracks seal up as they are often flattened in cross section instead of 
being rounded. 

The root systems of trees often illustrate this dependence of type on soil 
conditions. Many trees growing in natural forest with an undisturbed 
floor of litter tend to have an extensive much-branched root system 
filling the first few inches of the soil, and a few deep tap roots. But if 
these trees are planted in open land where litter cannot accumulate, 
and particularly if this is done in rather dry regions, many of these trees 
will develop a root system filling several feet of the soil. F. Hardy® has 
given a good illustration of this with cacao. In humid conditions, or 
badly drained soils, it has a very superficial root system containing 


.7. Amer. Soc. Agnm., 1940, 3*, 278, and for further examples, see L. A. Stoddart and 
A- p. Smith, Range Management, New York, 1943. For the effect of different gr^mg 
ipthtxls on the depth of the root zone of pastures in W . European conditions, see E. Klapp^ 
Mfi'ZenbaUf loaq, lo, 221* 

7 rop, Agric, Trin,, 1944, ai, 184; 1943, ao, 207. 
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many mycorrhizas which, with the layer of leaf litter that accumulates 
forms a mat on the surface. On well-drained soils, on the other hand* 
it has a deep root system, carrying no mycorrhiza and forming no surface 
mat. One of the most difficult problems in tropical agriculture concerns 
the management of plantation trees that cannot be made to develop 
a deep root system, for such trees suffer very badly from weed compel], 
tion, drought and high surface soil temperatures. The principal method 
of minimising these harmful consequences of shallow rooting is to put 
a straw or vegetable mulch on the soil surface.^ As will be explained on 
p. 638, this encourages favourable conditions for root development to 
develop under it, and consequently encourages all plants to develop 
a superficial root system which is of great importance if the principal 
plant nutrients are all concentrated in the surmce layers. ^ 

J. Baeyens^ has summarised much of what h^s been said in the pre- 
ceding paragraphs by emphasising two separate properties of the root 
system — what he calls the root surface and the root volume. The root 
surface measures the total absorptive area of the root, and the root 
volume is the volurne of soil containing roots. The root system may have 
the same surface in a fertile well-watered soil as in a rather poor soil 
subject to drought, but in the first case the root volume would be small, 
the soil being filled with fine roots and the roots extracting nutrients 
intensively from this volume, and in the second the roots would be 
widely distributed throughout a large volume of soil and would onl) 
extract small quantities of nutrients from each unit volume of soil. 
Baeyens further emphasises, what has already been emphasised here, 
that the root volume is only large if tlie plant needs water or nutrients. 
Crops on a fertile moist soil always have a compact root system. 

The actual rate of growth of plant roots in the soil varies widely. 
W. S. Rogers^ finds 3 mm. a day a common figure for apple roots in 
the sandy loam soil at East Mailing, rising to 9 mm. at times, whilst 
J. E. Weaver^ quotes 10 mm. a day being common for grasses and up 
to 60 mm. a day for maize and squash plants in the silty soils of 
Nebraska. The total length of a plant’s roots can be very large, parti- 
cularly if it is growing by itself with no competition from other plants. 
Thus, T. K. Pavlychenko® found an isolated plant of w^heat, rye or 
wild oats, growing on the sandy loam soil of Saskatoon, had produced 

^For an account of management of the very shallow-rooting Robusta colfec tiees m 
Uganda, sec A. S. Thomas, Emp. J, ExpU Agric,, 1944, 12, 191. 

* I. W. W ander and J. II. Gourlcy, Prac. Amer, Soc, HorL Sci,, 1943, 42, 1. 

® Les sols de VAfrique centrale, Vol. I, 1938. I.N.E.A.C. 

* J. Pomol, HorL .SVi., 1939, 17, 99. 

® Root Development of Field Crops, 1926, New York. ^ 

•With J. B. Harrington, Canada J, Res., 1934, 77 J I 935 > 

Ecology, 1937, i8, 62, and Canad. J. Res,, 1937, 15 C, 33, where the method 

For another illustration of the root system of rye, see H, J. Dittmer, Amer. J* ow., j ’ 

417; for grasses, see T. K. Pavlychcnko, Natl. Res. Counc, Canada, Publ, 1008, i 94 ** 
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^0 to 50 miles of roots by the time it came to maturity eighty days after 
emergence; but if these plants were grown in drills 6 inches apart 
witli eighteen to twenty plants per foot, the root length was reduced 
about a hundredfold to about half a mile, although the reduction in 
the dry matter of the aerial parts of the plants was only about 15 per 
cent. As measured by length, the great preponderance of these roots 
are very fine, and these roots are reduced far more in proportion than 
the thicker ones when the root system suffers competition for space. 
Weeds can still furtlier reduce the length of the root system. Unfortu- 
nately, no comparable work is available for normal English soils, and 
these lengths are probably much higher than would usually be found 
here, particularly in the moister parts of the country or on the heavier 
soils. 

Plants growing in drills, or close spaced, not only have a shorter but 
also a more compact root system. A plant grown in isolation will have 
roots that spread over a very great area laterally, but if grown with 
neighbours the lateral spread will be very much restricted. On the 
! whole, root systems of neighbouring plants, even of the same species, 
do not interpenetrate very much through the same volume of soil. 

The total length and weight of the roots of different plants in a unit 
volume of soil depends on many factors, as already explained. But 
with these limitations in mind. Table 102, taken from some of Pavly- 
chenko’s results,* obtained in the central prairie states of the U.S.A. 
and Canada, is given to show the order of magnitude involved and the 
difference between grasses and crops. The samples were taken from 
prairies containing fairly pure stands of the grasses mentioned or from 
1 fields of the crops. The table gives some idea of the variation between 
the amount of roots formed by different grasses, for example, crested 
, and slender wheat grass {Agropyron cristatum and pauciflonm respectively), 

1 and, as was explained on p. 437, this difference is reflected in the 
; relative power of these two grasses for improving the tilth or crumb 
I structure of the soil. 

A review of the determinations that have been made on the weight 
j of root residues under European cgnditions has been given by S. 
Gerickc.^ He shows that for the cereals the weight of roots left in the 
1 soil is about one-eighth the weight of the crop above ground, hence, 
on a 2-ton crop the root residues would weigh about 5 cwt. per acre, 
''^hich is about half that given in Table 102, which, however, probably 
fefers to a much lighter crop. The weight of roots produced by clovers 
; and serradella, however, appear to be very variable, ranging from 2 to 
' 50 cwt. per acre, whilst lucerne gives i to 1 1 tons of roots per year. 

' Natl, Res. Come. Canada, Ptibl. 1088, 194a. 

• Bodenk. PfiEmShr., 1945, 3$, aag. 
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Grasses are like clovers in giving very variable weights of roots, again 
from 1 to 2 tons per year. The ratio of the weight of roots in a grassland 
soil to the weight of organic matter in that soil is discussed on p. 578. 


TABLE 102 

Quantity of Roots Found in Upper 10 cm. of Soil under Different Crops 

Numbers and iengths of roots In metres or kliometres per haif square metre 
Weights of roots In hundredweights per acre 




Prairie grasses 

Crops 



Agropyron 

enstatum 

Agropyron 

pauciflorum 

Poa 

pratensis 

Lucerne 


Underground Stems 







Length In m. . 


23-0 

4-5 

ISO 

47-0 

15-0 

Weight per acre 

Main Roots 


24-6 

67 

17-4 

16-5 

4-2 

Numbers In thousands 


117 

8-0 

16-3 

— 

l-S 

Length In m. . ’ . 


935 

563 

1140 

— 

179 

Average diam. In mm. 


0-4 

0-5 

019 



0-32 

Weight per acre 


9-3 

5-1 

10-6 

— 

2*7 

Branches, First Order 







Number in millions 


0-65 

0-53 

1-94 

0-0054 

0-082 

Length In km. 


39-2 

21-2 

75-5 

0-25 

4-30 

Average diam. In mm. 


0-09 

0-1 

0-04 

— 

0-09 

Branches, Second Order 







Number in millions 


7-85 

2*28 

10-57 

0-152 

l-IO 

Length In km. 


55-0 

160 

95- 1 

4-85 

15-4 

Average diam. In mm. 


004 

003 

0-018 

— 

0-03 

Branches, Third Order 







Number in millions 


313 

115 

— 

0-738 

0-83 

Length In km. 


9-5 

31 

— 

5-16 

6-67 

Average diam, in mm. 


001 

0007 

— 

— 

0-008 

All Branches 







Number In millions 


11-6 

3*96 

12-6 

0-895 

2-02 

Length In km. 


103-4 

40-2 

170-6 

10-3 

26-4 

Weight per acre 

All Roots 


14-0 

r 

7*5 

16-0 

““ 

4-2 

Weight per acre 

• 

477 

I9'4 

44-0 

19-0 

111 










CHAPTER XXV 


THE UPTAKE OF NUTRIENTS FROM THE SOIL 

The Absorption of Nutrients and Water by Plant Roots 

Plant roots absorb nutrients from the soil in the form of anions and 
cations. The mechanism by which these are absorbed is still uncertain, 
but the absorption of the nutrient ions must involve an expenditure of 
energy, as they are up to a hundred times more concentrated in the 
cell sap than in the soil solution.^ On the other hand, there is no 
theoretical need for energy to be required for the absorption of water, 
as the osmotic pressure of the cell sap is between lo and 20 atm. higher 
than that of the soil solution in most British soils.® 

The source of the energy expended in nutrient absorption is pre- 
sumably carbohydrates which are oxidised in the absorbing cells, for 
these cells require a constant supply of oxygen and removal of carbon 
dioxide if they are to carry out this process.® Water absorption also 
appears to require a good oxygen supply, and hence to be an energy 
process, but this may simply be that unless the cells are able to be 
active they cannot maintain their semi-permeable membranes. 
Absorption of nutrients and water is thus part of the respiration pro- 
cesses of the root cells, which can therefore only function in a soil fhat is 
adequately aerated, and they usually cease to function before they are 
physically injured by unfavourable conditions. There are, however, 
a few exceptions to this, as some plants, for example, rice,* can allow 
oxygen from the atmosphere to diffuse through special cells in their 
stems and roots to the absorbing cells. 

The respiration of root cells and their ability to absorb nutrients may, 
however, be to two aspects of the same process if H. LundegArdh’s 
theory® of these processes is basically correct. This theory pictures the 
processes involved as follows. Respiration in a living cell involves the 

^ For a recent theory, sec H, LundegSrdh, Nature^ 1946, 157, 575. 

HX R. Hoagland and A. R. Davis, Proioplama, 1929, 4, 610; for further references, sec 
0. C. Magistad, BoU Rev,, 1945, ii, 181. 

V, lljim, Jahr, wiss. BoL, 1927, 66, 947; F. M, Eaton, J. Agric. Res., 1942, 64, 357. 

^See the work ofj. W, Shive and his co-workers, Soil Sci., 1942, 53, 143; 1944, 57, 143; 

K. Hoagland and^T. C. Broyer, J. Gen. Physiol., 1942, 25, 865; for review, D* I. Arnon, Ann. 

Bmhem., 1943, 12, 493; D. R. Hoagland, Lectures on the Inorganic Nutrition of Plants, 
^^ahhani, Mass*, 1944. 

^ LantfhHogsk. Ann., 1940, 8, 234; Ark. BoU, 1945, 3a A, No. 12; Nature, 1946, X57, 575; 

Rev. Biochem., 1947, l6, 503. Sec also R. N. Robertson and M. J. Wilkins, Aust. J. Sci. 

1948, X B, 332. 
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transfer of electrons from inside to outside the cell, and the enzyme 
system that effects their transfer across the living membrane of the cell 
at the same time effects the transfer of a corresponding number of anions 
from outside to inside the cell, to maintain electric neutrality. Further, 
the source of electrons in the cell are hydrogen atoms, which by giving 
away an electron become hydrogen ions, and the acceptors of the 
electrons outside the cell are hydrogen ions which become hydrogen 
atoms. This process is thus equivalent to transferring hydrogen from, 
say, carbohydrate molecules in the cell, leaving as an end-product 
carbon dioxide, to, say, oxygen molecules outside the cell with the conse- 
quent formation of water, which is another way of considering the pro- 
cess of aerobic respiration. Electron transfers thus increase the hydrogen 
ion concentration inside the cell and decrease it outside, and this in 
turn causes some of them to exchange with cations outside the cell 
across the cell membrane. Thus the process of cation uptake is a base, 
or cationic exchange — a process which, in fact, is not confined to the 
excretion of hydrogen ions. 

Two consequences follow from the assumption that cation uptake is a 
base exchange process. In the first place it is not a one-way process. 
Cells can lose, or excrete, cations other than hydrogen ions, and this 
has been demonstrated experimentally (see p. 471). In the second place 
one would expect the root cells to absorb simple small cations in 
approximately the proportions that they occur outside them. But this 
does not imply that the cations will be present in this proportion in the 
plant tissues, for their rate of transfer from the root cells to the plant 
sap depends considerably on the individual ions. Thus, potassium 
appears to move more quickly than the other common cations, and 
incidentally nitrate more so than most other anions, from the soil into 
the sap,* and these are the two ions that appear to be taken up in 
appreciably higher proportion than their relative abundance in the soil 
would suggest.® On the other hand, aluminium® and related ions and 
some rare earths* are taken up by the roots but are hardly translocated 
at all by most plants. 

Plants differ, however, in their power of taking up some cations, or 
at least in their power of transferring them into their aerial portions. 
H. Collander® found that these differences between plants was most 
marked for the uptake of sodium and magnesium, some species being 
able to take up sixty times as much as other species. Thus, halophytes 
could nearly all take up very large quantities of sodium, whilst buck- 
wheat, maize and sunflower could take up very little. Again, some 

*H. Lundegirdh, Nature, 1946, 157, 575. 

* R. H. Bray, J. Anar. Chm. Soc., 1942, 64, 954; C, E. Marshall, Mitsouri Agra, tia-) 
Res. Bull. 385, 1944. • G. E. Hutchinson, Quart. Rev. Biel.) i943> '■ 

*T Tt^cobjon and R. Overstreet, 1948,65, tag. * Plant Physiol., 1941. 
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plants, particularly some members of the Ckenopodiaceae, could absorb 
large quantities of magnesium. On the other hand, all plants had about 
the same power of accumulating potassium when growing in potassium- 
rich conditions. 

The distribution within the plant of the different ions taken up by 
the roots depends on the part of the plant being studied. The mineral 
composition of the seed or fruit is more a characteristic of the plant 
than of the abundance of the ions in the soil, whilst that of the root 
depends more on their abundance in the soil than on the plant; the 
composition of the leaves and stems is intermediate. Thus, as G. T. 
Nightingale^ has shown for pineapples, and D. I. Amon and D. R. 
Hoagland® for tomatoes, the developing seed or fruit takes just those 
quantities of mineral from the main reservoir available in the roots 
and vegetative system needed to give it its characteristic mineral com- 
position. Fruits are in fact relatively high in potassium and low in 
calcium, perhaps because the plant contains much higher reserves of 
mobile potassium than calcium in its tissues, for much of the calcium in 
a plant is relatively immobile.® 

'fhe fact that the composition of the leaves of a plant reflect to some 
extent the nutrient conditions in the soil can be used by agricultural 
advisers to determine, from the analysis of an unhealthy leaf, if the 
trouble is due to a deficiency of any particular nutrient or to a lack of 
balance between the nutrients,* It has also great agricultural impor- 
tance, for the leaves of grasses and legumes form the primary food of 
the world’s sheep and cattle. Now the grazing animal requires not 
only protein and carbohydrate from these leaves, but also its supply 
oi minerals, hence the feeding value of pastures or hay can depend on 
the soils on which they are grown. The best-known example of this 
on a world-wide scale is the phosphate content of the herbage, which 
is usually a fairly good reflection of the available phosphate supply in 
the soil.® There are considerable areas of very phosphate-deficient 
soils, particularly in South Africa and Australia, which carry a grass or 
prairie vegetation that has such a low phosphorus content that the 
animals grazing on them suffer jfom acute phosphorus-deficiency 
diseases® (Table 103). 

The mineral content of plant leaves can thus be affected within 

liiot. Caz., 1942, 103, 409; 1943, 104, 191; Soil Sci., 1943, 55, 73. 

‘ Bnt. Gaz*, 1943, 104, 576. 

'* 1 . G. Mason and E. J. Maskcll, Ann. Bot,, 1931, 45, 125. 

a review of the power and limitations of these methods of leaf analysis, see 

^V. Goodall and F, G. Gregory, Imp. Bur. Hort.^ Tech. Comrn. 17, 1947. 

'' 1 i'l an extensive series of soil and plant analyses illustrating this, see G. S. Fraps and 
J* f. Tiiclge, P10C. Soil Set. Soc. Amtr., 1938, a, 374; Texas Agric. Expi. Sta., Bull. 582, 1940. 

1 or corresponding American results, see K. C. Beeson, Soil Set,, 1945, 60, 9; Bot, fei?., 
12, 424, 
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limits by suitable use of fertilisers. Thus, the phosphorus content of 
grass leaves can be doubled, and at the same time the calcium content 
increased by 50 per cent by adding superphosphates to a phosphate- 
deficient pasture,^ and this may increase the nutritive value of the 
fodder, as has recently been shown very strikingly in some feeding 
experiments on differently manured hays by W. A. Albrecht and his 
co-workers.^ 


TABLE 103 

Per cent P in the Dry Matter of Grassland Herbage 



Good soils 


j Poor soils 

Romney Marsh* 

0-26 

Transvaal Veld^ 

liiM 

Scotland^ 

0-32 

Bechuanaland^ 




Victoria^ 

IB 


The dependence of the relative concentrations of the cations in the 
leaves of a plant on their relative concentrations in the soil as available 
or exchangeable ions has now been put on a semi-quantitative basis 
for several crop plants. The following factors are relevant: the crop 
studied, the relative proportions of these cations in an available form 
in the soil, the total concentration of these cations in the soil, the type of 
clay, and the relative contribution of the clay and the organic matter to 
the hase-holding power of the soil. 

In the first place plants differ very considerably among themselves 
in the proportions of potassium, magnesium, calcium and sodium their 
leaves contain when they are growing in the same soil, in the minimum 
concentrations of these ions needed for healthy growth, and in the 
maximum concentrations at which any particular ion can occur. Thus, 
A. Mehlich and J. F. Reed® found that for crops growing in a given soil 
the relative concentration of calcium to potassium and magnesium in 
the leaf is lower for oats and timothy than for alsike, red clover and 
soybeans, and is lower in these than for lucerne, cotton and turnips. 
This property is not quite that discussed for C. A. Bower and W. H. 

^ W. Godden, J. Agrk. Sci,, 1926, 16, 98. Similar results were obtained by G. Paturd in 
France, J. Agric. Prat.y 1911, ai, 12; also A. E. V. Richardson in Victoria, J. Depi, Agnc. 
Vwtoriay 1924, 22, 193, 257; in both cases the unmanured herbage contained only o-i per cent 
P, while that receiving phosphatic manuring contained distinctly more. 

* Proc. Soil Sci. Soc, Amer., 1942, 6, 252; 1943, 7, 322; 1944, 8, 282. 

® A. D. Hall and E. J. Russell, J. Agric. Sci.y 1912, 4 , 339. 

* J. B. Orr, Minerals in Pastures, p. 13, 1929, London. 

‘ H. Ingle, J, Agric. Sci., 1908, 3, 22. 

* A. Theiler, Union of South Africa, nth and J2th Vet. Repts,, 1927. 

’ H. Kincaid, Proc. Roy. Soc. Victoria, 1911, 23, 363. 

‘ Soil Sci., 1948, 66, 289. 
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Pierre (see p. 66), as they were interested in the minimum concentra- 
tions of these ions needed for optimum growth, but it should be very 
similar. Unfortunately, the two groups of workers had too few crops in 
common for a close comparison to be made of the responsiveness of a 
crop to a potassic fertiliser on a calcareous soil with the relative con- 
centration of potassium to calcium in its leaves. 

The effect of altering the concentration of any one cation in the soil 
whilst keeping the others constant on the cation concentrations in the 
leaves is that, in general, increasing the calcium in the soil depresses 
the magnesium in the leaves more than the potassium; increasing the 
magnesium depresses the calcium more than the potassium; and in- 
creasing the potassium may depress the calcium more than the magne- 
sium, or may decrease them about equally. An example of these effects 
is given in Table 104 for bluegrass {Poa pratensis), a plant having 
a low calcium-potassium ratio in its leaf, and for sweet clover, which 
has a high ratio. 


TABLE 104 

The Effect of a Given increase of a Cation in the Soii on the 
Composition of the PJanO 

Milll-equivalents of cation per 100 grams dry matter in the plant 


Added to 
soii 

Bluegrass 

1 Sweet clover 

Ca 

Mg 

K 

Total 

Ca 

Mg 

j K 

Total 

Basal 

35 

42 

54 

131 


62 

n 

211 

~i"Ca . 

41 

37 

53 

131 


57 

mm 


-fMg 

30 

63 

50 

143 

iOO ! 

97 

■a 


+K 

23 

24 

95 

142 

72 

38 

102 



This result can equally well be expressed in the statement that the 
plant tends to maintain its potassium content more stable than its 
magnesium, and its magnesium than its calcium, as the concentration 
of other cations around the plant roots varies. 

It is sometimes possible to predict, from a knowledge of the composi- 
tion of the exchangeable ions in the soil, the proportion of these ions in 
the leaves of the crop, and on the whole it is found that the ratio of 
potassium to calcium is much higher in the leaf than in the soil and that 
of magnesium to calcium somewhat higher; but the factors for converting 
imm the soil ratio to the plant ratio arc very dependent on the plant but 
not veiy dependent on the soil, or on the actual proportions of the 

‘ 0. li. Marshall, Missouri Agric. Exp. Sta., Res. Buil. 385, 1944. The results given are for 
Hie mean of the crops on two soils and at two levels of calcium supply. 
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exchangeable ions present. However, it is probable that a more accurate 
prediction can be made if, instead of determining the ratio of the ex- 
changeable ions in the soil, one shakes up the soil with a small amount 
of hydrochloric acid, enough to supply hydrogen ions for only a small 
fraction of the exchangeable bases. Then for plants with a moderate 
calcium demand, the relative concentrations of calcium to magnesium 
are about the same in the acid extract and in the leaf, but the relative 
potassium content of the leaf is higher, by a factor of between 2 and 4,' 
than in the acid extract of the soil. 

The Soil Solution 

The water in the soil contains soluble salts, and hence whenevipr 
this aspect of the soil water is relevant, it is usually known as the soil 
solution. As has often happened in the history of agricultural science, 
the first investigations on the chemical composition of these dissolved 
salts was made in France. Th. Schlocsing® in 1866 devised a method 
of collecting the soil solution based on displacement by water. He 
placed 30 to 35 kg. of freshly taken soil containing ig-i per cent of 
water in a large inverted tubulated bell jar and poured on it water, 
coloured with carmine, in such a way as to simulate the action of rain. 
The added water at once displaced the soil water and caused it to 
descend so that it could be collected; a sharp horizontal line of demar- 
cation between the added and the original water persisted throughout 
the ejcpeiiment, even when eight days were occupied in the descent. 
A typical analysis of the displaced liquid in milligrams per litre was: 


SlOa 

Nftrfc 

acid 

Car- 

bonic 

acid 

CaO 

MgO 

Hy 

Na,0 

Sul- 

phuric 

acid 

Chlor- 

ine 

Organic 

matter 

29* f 

305 

118 

264 

13*5 

m 

7*8 

57-9 

B 

37'5 


The solution, therefore, contained about 850 mgm. of material per 
litre, that is, its concentration was about o-o8 per cent, or about 160 
parts per million of the soil was present in the solution. 

Three groups of methods have been in fairly recent use, and all give 
solutions having reasonably similar compositions. J. S. Burd 
J. C. Martin® devised a method, still in use to-day, based on forcing 
water through a tall column of soil, under a pressure of 7 atm. (100 lb. 

‘ See, for example, R. H. Bray, J. Amer. Chan. Soc., 1 942, 64, 954; T. B. van Itallic> 

.*938, 46, 175; 1948, 65, 393; A. Mehlich, Soil Sri., 1946, 62, 393; with J. F. R«®> 
ibid., 1948, 66, 289. 

• CJi., 1866, 63, 1007; 1870, 70. 98. » jf. Agric. Sri., 1923 > * 3 ) 




















Plate XXItl 



Apple tree roots growing in a silt loam, photographed on 
the 6th, 25th and 35th day after the two thick roots had 
first entered the area (about 4 times natural size) 
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j 

— 

1 ? 

k 

The root systems of plant 

;s in a typical short-grass prairie after a run of years with 



average rainfall (Hays, Kansas) 

(p.452) 

f 


Plate XXV 


The root systems in the same area after a run of drought years 



Al Alllonia linearis, Ap Aristida purpurea, Aps Ambrosia psilostachya, Bd Buchloe 
doctyloides, Bg Bouteloua gracilis. Kg Kuhnia glutinosa, Lj Lygodesmia juncea, 
McMalvastrum coccineum, Pt Psoralia tenuiflora,Sm Solidago mollis, Ss Sideranthus 

spinulosus 
(p. 453} 




per sq. inch) and collecting the effluent in small lots. The first few lots 
liavc similar compositions and are taken to represent the soil solution. 

second method is based on dispersing the soil solution in a large 
volume of inert liquid, such as paraffin, ^ and separating out this liquid 
and analysing the solution it contains. This is based on the assumption 
that the solution dispersing in the paraffin has the same composition 
as the soil solution. A modification of this is to use ethyl alcohol or 
glycol,® and to assume that the solution as a whole dissolves and that 
no extra salts come into solution. A third method, recently introduced 
by L. A. Richards,® is based on putting a thin disk of soil in a pressure 
cell, sealed at the bottom with a supported cellophane membrane, and 
forcing the soil water through the membrane by applying a gas pressure 
of 1 6 atm. This last method gives a solution from which the phosphate 
has been removed, for it is held back by the cellophane membrane. 

The composition of the soil solution depends on the moisture content 
of the soil, the growth of the crop in the soil, and the activity of the 
mirrobiaJ population. These factors are difficult to separate out in the 
field, and it is not certain how far results obtained in the artificial 
conditions of the laboratory apply to the field. The main results, how- 
ever, are clear enough, and reasonable enough, for their general validity 
to be accepted. 

The effect of the moisture content of the soil on the composition of 
the soil solution is as follows:* 


(a) The concentration of nitrate and chloride varies inversely as the 
moisture content, indicating that all these anions present in the sdil are 
in the soil solution. 

(h) The concentration of phosphate, though varying from soil to 
soil, is independent of the moisture content, being usually about i to 3 
parts per million. The soil solution is, therefore, presumably saturated 
with phosphate. 

(f) The relative proportions of the cations in the soil solution depend 
on their concentration. Adding water to it, so diluting it, causes a smaller 
proportional decrease in the monovalent than divalent ions (see p. 1 15). 
Since in most soils calcium is the pretfominant cation in the soil solution, 
this means its concentration varies approximately inversely with that 
of the soil solution, since the total amount of anions in solution remains 
about constant, and that as the solution becomes more concentrated 
so the potassium and sodium ion concentrations rise in proportion more 
slowly than that of the anions or of the calcium. 

' A. C, Doyarenko, Vnsuehsfeldf. aUg. Acktrbm. Landw. Akad., Moscow, 1924-7, a, i. 

A. Kawe, J. Landw., 1932, 80, 87. 

Sd., 1941, 51, 377; with R. r. Reitcmeier, ibid., 1944, 57, 119. 

.1 S. Burd and J. C. Martin, J. Agrie. Sd., 1993, 13, 265. 
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The effect of the growing plant is to deplete the soil solution of much 
of its nutrient material, particularly its nitrate, as already discussed 
on p. 307. An example of this depletion, showing how it affects some 
nutrients much more than others, is given in Table 105, taken from 
some work of Burd and Mardn.^ It shows the composition of the soil 
solution before a crop of barley is sown, after harvest, and just before 
the next crop is put in; the results have been adjusted to the standard 
moisture content shown in the first column. The large recovery 
noticeable in the following spring is very dependent on the soil conditions 
and on the nutrient reserves in the soil.® 

TABLE 105 

The Effect of the Growing Crop on the Composition of the Soil Solutien 


Solutions displaced by water from cropped soils at beginning (April) and end 
(September) of growing season (1923) and at the beginning of the next growing 

season (1924) 


Soil 

* 

Date 

pH 

Parts per million of displaced solution 

NO, 

HCO, 

SO 4 

PO, 

Ca 

Mg 

Na 

K 

Total 

solids 

N<x7: 

Apr. 30, 1923 

74 

149 

83 

561 

11 

242 

91 


21 


12-5 per cent 

Sept. 4, 1923 

7-6 

58 

155 

432 

0-6 

193 

47 


9 

mm 

moisture 

Apr. 28. 1924 

7-6 

252 

142 

699 

0*6 

336 

76 


12 


Na II: 

Apr. 30. 1923 

8-2 

173 

160 

671 

3-3 

222 

97 

87 

41 

1454 

12*4 per cent 

Sept. 4. 1923 

7-6 

16 

234 

598 

1-2 

192 

64 

44 

22 

1171 

moisture 

Apr. 28. 1924 

81 


259 

785 

29 

276 

94 

78 

35 

1793 


The effect of the micro-organisms is to help bring about this replenish- 
ment of the soil solution, particularly the replenishment of the nitrate 
and sulphate, for, if depleted soils are stored in contact with toluene, 
so microbiological activity is suppressed, and little or no replenishment 
takes place.* 

The s(m1 solution of normal leaijhed agricultural soils under normal 
conditiems of moisture content is found to contain up to 0'05 per cent 
of soluble matter, and the osmotic pressure of thc_solution varies from 
0‘a to I atm., being higher the nearer the moisture content is to the 
wilting-point. Thus, even at the wilting-point the soil solution is very 
dilute, mid has an osmotic pressure far lower than the lo to 20 atm. 
of the root sap. Hence, the transfer of water and nutrients from the 

^ Soil Set., 19*4, 18, *51. See al*o HUgmSa, 1931, 5, 455, for a KUnmary of,p»ueh of 
their work. 

* Sec D. R. Hoagland, J, Agrk. Res,f 1918, xz, 369, for a soil showing little recovery. 

»D. R. Hoagian'd, Hilgardia, 19254 1, ^27; J, S. Burd, Soil Sci., 1925, ao, 069* 





























AVAILABLE AND UNAVAILABLE NUTRIENTS 


4S^ 

soil to the root requires a definite expenditvurc of ener^, which the 
roots of most agricultural plants can only incur if they have access to 
an adequate supply of oxygen. 

The soil solutions of arid and of semi-arid irrigated soils differ from 
those in leached soils by their higher salt contents; for in these soils 
calcium and sodium salts, in particular the sulphates and chlorides, 
accumulate,* with the consequence that the osmotic pressure of the 
soil solution is no longer negligible, but may become high enough to 
limit crop growth. It has the further consequence that as the soil dries 
the osmotic pressure of the soil solution rises, so that soils containing 
so much soluble salts that they are on the margin of profitable cultiva- 
tion need to be watered frequently (p. 605), for the crop can only 
extract a small proportion of the water held between field capacity and 
the direct suction corresponding to pF 4-2 before the osmotic pressure 
has risen high enough to affect the crop. Thus, as pointed out on 
p. 403, in such soils only a small amount of the water defined as avail- 
able on the suction basis is, in fact, readily available; in fact, the concept 
of available water, based on suction measurements, ceases to be valid 
once the osmotic pressure of the soil solution al the wilting-point 
becomes appreciable. 


The Sources from which Plant Roots Extract Nutrients 

There arc three possible sources from which roots can extract their 
nutrients: the soil solution, the exchangeable ions, and the readily 
decomposable minerals; and it is very difficult to separate oat the 
relative importance of these three sources for any particular plant. 
C. G. B. Daubeny, in a classical investigation made over a hundred 
years ago,® showed that only a part of the total supply of plant nutrients 
was available to the plant. But it was soon found that there was no 
sharp division between available and unavailable plant foods in the 
soil, for different species of plants had differing powers of extracting 
the nutrients. The older investigators attributed the different “feeding 
powers” of plants to differences in the total acidity of their sap; thus 
they assumed the reason that leguminous plants could often extract 
more nutrients from a soil than could the grasses was because they had 
a more acid root sap,® although later work showed that, if anything, 
they have a less acid sap.* 

.]. von Liebig first introduced the idea that the exchangeable bases 
in the soil are the primary source of nutrients for the plant, which he 

‘O. c. Magistad and R. F. Rcitemeier (Soil Sci., 1943. 55 . 35il Pve anal>.ses of the soil 
solution t)!’ some saline soils at their field capacity. Phil. Trans. y 1845, 179* 

’It. IJycr, Trans. Chm. Soc., 1894, 65, 115; PhU. Trans., 1901, 104 B, 235. 

* H. Kappen, Landw. Vm.Stat., 1918, 91, i; W. Thomas, Plant Pl^siol., 1930, 5, 443. 
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expressed in the following words: “The power of the soil to nourish 
cultivated plants is, therefore, in exact proportion to the quantity of 
nutritive substances which it contains in a state of physical saturation. 
The quantity of other elements in a state of chemical combination 
distributed through the ground is also highly important, as serving to 
restore the state of saturation, when the nutritive substances in physical 
combination have been withdrawn from the soil by a series of crops 
reaped from it.”^ This hypothesis that the exchangeable bases are the 
principal source of these nutrients for the plant was extended by 
W. Knop* in a remarkable investigation of considerable historic interest 
and also by O. Kellner.® M. Whitney in 1892,* and later in collabora- 
tion with F. K. Cameron,® developed the hypothesis that the plrlnt 
obtains its nutrients from the soil solution, and hence that a study of tSje 
nutrients in the soil solution should lead to an accurate assessment «!?f 
the fertility of the soil. 

Thus, the early investigators had shown that at least some of the 
nutrients in the soil solution, the exchangeable ions, and readily decom- 
posable minerals are available to the plant roots. Yet these arc not 
three independent 'sources, for the soil solution is in equilibirum with 
the exchangeable bases and the phosphate compounds in the soil; and 
if any nutrient except nitrate is removed from the solution, at least 
a part of this loss will be made good from the non-soluble nutrient 
reserves in the soil. The solid material of the soil, in fact, keeps the soil 
solution well buffered both for />H and for all nutrients except nitrates. 
But since the power of different plants to extract nutrients from a soil 
differs, the roots must presumably be able to use at least some proportion 
of the nutrients contained in the more readily decomposable minerals in 
the soil. 

The mechanism by which roots obtain ions from readily decom- 
posable minerals is principally by excreting carbon dioxide, which 
forms a solution of carbonic acid on the surface of the mineral, a 
hypothesis originally due to F. Czapek in 1 896® and further established 
by J. Stoklasa.’ This, however, is not the only mechanism for extracting 
nutrients that arc not dissolved in the soil solution. Direct exchange 
of hydrogen ions excreted by the rbots and root hairs with cations held 
by the mineral particles, as postulated by H. Jenny and R. Overstreet, 
is another possible mechanism, and excretion of organic acids is again 
possible, and is the most likely mechanism by which a few plants, such 
as lupins, can use difficultly available phosphates (p. 500). 

^ Natural Laws of Husbandry^ London, 1863. 

* Die Bonitie ung der Acktrerde^ Leipzig, 1871. ® Landw. Vers^^SiaU^ 1886, 33, 349 * 

* IJN, Weather Bur, Bull. 4, 1892; U.S. Dept. Agric.^ Farmers^ Bull. 257, 1906. * 

* U.S. Dept. Agric. Bur. Soils, Bull. 22, 1903. 

^Jahrb. wiss. BoU, 1896, 29, 321. ’’ jfahrb. wiss. Bot., 1908, 46, 53 - 
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An example of the soil’s power to make good the loss of a particular 
nutrient from the soil solution is given in Table 106, which shows that 
^he total potassium taken up by a crop is very much greater than the 
loss of potassium from the soil solution, hence the solid phase of the 
soil must be continually supplying potassium to make good the loss 
due to its uptake by the roots. 

TABLE 106 

Uptake of Potassium by Crops Compared with the Depletion of 
Potassium in the Soil Solution^ 


Potassium In parts per million of soil 


Number of 
soils used 

K in soil solution 

Depletion of 
K in soil 
solution 

Uptake of K 
by crop 

Before crop sown 

After crop 
harvested 


Range 

Mean 

Mean 



14 

5-10 

8 

8 

0 

104 

27 

10-15 

12 

8 

4 

87 

40 

15-20 

17 

12 

6 

116 

29 

20-25 

22 

II 

12 

133 

17 

40-45 

41 

14 

28 

161 

24 

45-55 

50 

16 

34 

246 


A second explanation developed by Jenny and Overstreet- of. this 
result is, however, p>ossible. The plant root may be able to obtain ex- 
changeable potassium and calcium directly from the solid particles of 
the soil, by excreting hydrogen ions from its surface which replace some 
of the adsorbed cations on the clay, a process Jenny and Overstreet 
called “contact exchange”. These hydrogen ions come in part from 
the carbonic acid liberated by the roots during respiration, and in part 
by difl'usion through the cell membrane, as in Lundegirdh’s theory of 
nutrient uptake already discussed on p. 459, but they may also come 
from the organic acids® the roots syilthesise to neutralise the excess of 
adsorbed catioils® over anions. Further, Jenny and Overstreet® claim 
fbat cations can move fairly readily both over the surface of a clay 
particle, and also from one (day particle to another, provided their 
frouble layers interpenetrate. Hence, roots can draw on a considerable 
area of contiguous clay surfaces for their ions — they do not need to 

'G. S. Fraps, Texas Agric, Expt. Sta., Bull, gqi, 1929. 

Soil Set., 1939, 47, 957; Proc. Soil Set. Soc. Anur., 1940, 4 , 125. For a review of the 
**nirrt, D. f.'Ari)on, Ann. Rev. Biochem., 1943, la, 499. 

A'^^'J-Bot., 194a, 89,227. ‘A. Ulrich, J. Bol., 1941,38,526; 1942,39,220. 

J. Phvs. Chem., 1939, 43 , 1185. 
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restrict themselves to the exchangeable ions in their immediate neigh, 
bourhood; and, in fact, W. A. Albrecht^ and his co-workers showed 
that if contact exchange is the sole means by which a plant growing in 
the soil obtains its cations, then surface migration must be important. 
This picture of contact exchange is obviously suited to describe the mode 
of uptake of nutrients, both anions and cations, when the root system 
contains many root hairs which have fine soil particles embedded in 
their surface (sec p. 447), or when the anions and cations are both present 
as exchangeable ions on a mixed anion- and cation-exchange system. 2 

The process of contact exchange does not in fact differ fundamentally 
from uptake from the solution, for in either case the ion can only be 
transferred through the water film surrounding the root, and the com- 
position of the soil solution is controlled by the solid phase of the sail 
as well as by the uptake of nutrients by the crop. The thinner iht 
water film between the surfaces of the root and the solid surface, the 
more appropriate is the concept of contact exchange. On the other 
hand, uptake from the soil solution does not mean that the cations 
must be evenly distributed throughout the solution before they can be 
taken up: they will, in any case, be more concentrated near the source 
of the exchangeable ions than farther away. 

But the ions present in the soil solution and as exchangeable ions 
do not form the sole reservoir on which the plant can draw. This is 
obviously true for calcium, as calcium carbonate is a reservoir of 
calcium ions. It is also true for potassium, as will be shown in Table 1 17 
on p. 513. Here there must either be a continuous slow transfer of 
potassium from the non-exchangeable to the exchangeable form, or 
plant roots must be able to use non-exchangeable potassium by some 
process not yet discussed, an assumption that need not yet be made. 

There is, however, some evidence that plant roots can use cations 
normally unavailable to them if the soil contains an acid clay. E. R. 
Graham® showed that an acid clay, particularly if it is rich in montmorii- 
lonite, is a powerful extractor of cations from mineral particles in the 
silt range, and he further showed^ that this acid clay could act as a 
carrier of calcium from the mineral to the crop. Thus, he found that 
soybeans could take up more calcium, and make better growth, if they 
were growing in a mixture of quartz sand, finely ground anorthite and 
acid bentonite, than if they were growing in the sand and anorthite 
alone. The soybeans took up 16 mgm. of calcium if grown in the sand 
alone, 43 mgm. from the sand and anorthite, and 112 mgm. from the 
sand-anorthite and acid bentonite. 

' Amer. J. Bot.y 1942, 29, 210. 

* For examples of plaints grown on such substrates, sec F. S. Schicnkcr, Soil 54 » 

247; H. Jenny, J. Colloid Scu, 1946, i, 33. 

*' Soil Scu, 1940, 49 , 277. « Soil Sci., 1941, 51 , 65; Amer, J, BoU, 1942, 
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The soil solution in most fertile agricultural soils is an adequate 
source of supply for the phosphate requirements of the plant. The 
phosphate content of the solution is low, only 0-5 to 2 parts per million 
of P04» since it remains remarkably constant at this value during 
the growing season, the solid particles are obviously releasing phos- 
phates into the solution as rapidly as the crop is extracting them. But 
in soils low in available phosphate the plant roots must possess some 
means of bringing phosphates into solution, for crops differ considerably 
in their power of extracting phosphates from difficultly available forms. 
Xheir roots increase the soil acidity around their absorbing surfaces, 
due to the CO 2 they respire, but some roots, such as young lupins, can 
also excrete organic acids. 


Transfer of Nutrients from the Root to the Soil 

We have so far been discussing the transfer of nutrients from the soil 
to the root as if it were a one-way process. Yet roots can only hold 
their ions against diffusion into the soil if the aeration conditions are 
adequate, and in particular potassium is often excreted by the roots if 
the aeration becomes poor.^ Potassium excretion may also occur to- 
wards the end of the growing season, as was discussed on p. 29 and 
shown in Table 4. Recent analytical work, particularly with radio- 
active tracer elements, has shown that there is, in fact, a continuous ex- 
change between the nutrient ions in the soil and in the root, though the 
factors controlling this exchange are unknown. R. Overstreet^ showed 
that barley roots put into distilled water or into a sodium chloride solu- 
tion lost no potassium to either; they lost a little to a calcium chloride 
solution, but there w'as a large exchange of potassium from the root to 
the solution if the roots were in a potassium chloride solution. On the 
other hand, plant roots lose potassium rapidly if growing in sodium 
saturated clays, more slowly if in potassium, and still more slowly if in 
calcium-saturated clays. E. I. Ratner® and W. T. McGeorge* also 
found that soils high in exchangeable sodium were able to extract 
calcium from the plant, and that if the plant had some of its roots 
growing in a calcium soil and some’in a sodium, there was a transfer of 
calcium through the root system from the high calcium to the high 
sodium areas, though the experiments did not show if the quantities 
involved were large enough to have any practical significance. Soils 
can apparentiy also remove anions as well as cations from plants, for 


‘ H. T. Chang and W. E. Loomis, Plant Physiol., 1945, ao, aai. 

Scu^ 1939, 47, 257; 4S, 9» Sec also E. I. Ratncr, CM, Acadn Set. 
*3*3^43,126. 

42, CM. Acad. Sci. {U.S.S.R.), 1945. 4^. 63; Pedobiy , 1944. Nos. 4-5, 205. 
^ Arizona Agric. Expt. Sta.^ Tech. Bull. 94, 1942. 


(U,S.S.R.), I944r 
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W. A. Albrecht^ found that soybeans lost some of their phosphates when 
growing in calcium-dcficient soils. 


The Need for Fertiliser Placement 

Plants can only obtain their main supply of nutrients from damp 
soil. Hence, if they are to use, during periods of drought, nutrients 
added to the soil as fertiliser, the mobility of these nutrients in the soil 
is of great importance. Fertilisers are commonly put in the seed-bed 
and incorporated with all, or part, of the top few inches of the soil. 
Of the fertilisers added, only nitrates and chlorides are readily mobile 
in the soil: they wash down with the percolating water, usually accoiin. 
panied by an equivalent amount of calcium ions. Potassium is also 
freely mobile in sandy soils low in organic matter, as they contain no 
base exchange material capable of holding it. But in land withar 
appreciable clay content, potassium moves down very slowly if the land 
is cropped, and only a little faster if it is left fallow, unless such large 
dressings are given that the surface soil is almost saturated with it,^ 
for if the exchange' complex in the surface soil has only a small pro- 
portion of potassium compared to other exchangeable ions, it will hold 
additional potassium ions fairly tightly. Phosphates and Calcium 
carbonate as a neutralising agent move very slowly in the soil. Thus, 
Rice Williams® found that adding basic slag to a pasture for fifteen 
years barely affected the phosphate content of the soil below 3 inches, 
and B. W. Doak* found little movement below 6 inches after adding 
phosphate to a pasture for eight years (see also p. 502). However, O. E. 
Sell and L. C. Olson, w'orking on a pasture on a sandy loam in Georgia,® 
found that dolomitic limestone affected the />H of the soil 6 to 8 inches 
below the surface five years after the first application, and at 8 to 12 
inches after nine years, though little calcium itself had actually moved 
below 4 inches at this time. They also found that 35 lb. per acre of P, 
given as a 35 per cent superphosphate in 1936 and again in 1939, 
increased the available phosphates at the 4- to 8-inch depth in 1944, 
whilst two dressings, each of 70 lb., increased the available phosphate 
in the 8- to 12-inch layer at this tirhe. However, if nitrogen and potas- 
sium were added with the phosphate so that growth of the pasture was 
stimulated, penetration of the phosphate was considerably reduced, 

^ Proc. Soil Sci, Soc, Amer.y 1940, 5, 8. 

* W. H. Macintire et al,, Soil Scu, 1943, 55, 321. • WeUi J, Agric,, 19, x6, 132- 

*^few Zealand J. Sci, Tech., 1942, 24 A, 141, and 1933, 15, 155, for a bibliography 
to earlier work. See also M. Odelien and T. Vidme, Mela. Norg. Landhr,, I945j as, 273? 
other experiments showing the immobility of potassium and phosphates in soils. 

^ Proc. Soil Sci. Soc. Amer., 1947, XX, 238; for other American work on this, see L. j-®* 
Olson, ibid., 1946, xo, 443; A. R. Midglcy, J. Amer. Soc. Agron., 1931, 23 , P* 
Nelson, Soil Sci., 1929, 27, 143. 
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little penetrating below 6 inchps. The cause of the discrepancies found 
in the literature is probably that the phosphate of calcium mono- 
phosphate is more mobile in neutral or in limed acid soils than in 
unlimed acid soils. ^ 

Nutrients supplied in fertilisers do not move laterally appreciably in 
level fields. Thus a grass field at Rothamsted, originally uniform in its 
herbage, was in 1856 divided into plots, each of which actually touches 
its neighbours; certain manurial treatments have been given annually 
to each and continued without change ever since. Marked differences 
in herbage have resulted, but the edges bounding the plots are fairly 
sharp; there is no evidence of much lateral diffusion in the period of 
ninety years. 

Phosphates, potassium and calcium carbonate do not, therefore, 
naturally move easily in a soil, and if one wants to enrich the subsoil in 
any of these three materials, one should work them into the subsoil 
direct. This is very necessary for calcium carbonate if the subsoil is 
acid, for only in this way can the root system of most crops penetrate to 
a reasonable depth. Experimental evidence is still somewhat in- 
complete, but it is probably always desirable to ‘plough in lime as 
deeply as possible if the subsoil is very acid and drought during the 
growing season probable, for only by neutralising tliis acidity can the 
plant roots penetrate into the subsoil and so be able to extract much 
water from it. It is further probable that at least part of the potassic 
and phosphatic fertilisers, and in some climates the nitrogen also, should 
be incorporated with the subsoil in areas subject to summer drought 
and where the subsoils are poor and the crop needs a good supply of 
nutrients throughout the summer. Thus, E. W. Russell has found that, 
in dry summers in England, sugar-beet responds better to potassium and 
phosphate mixed with the top 9 inches of soil than the top 2 to 3 inches 
but that wheat and barley do not show this benefit; and D. D. Smith 
d al.,^ working on a clay pan soil in Central Missouri, found that maize 
benefited by deep incorporation of fertilisers but oats and barley did 
not, for as already stated the small grains take up the bulk of their 
potassium and phosphate before summer drought has dried out the 
!>ubsurface soil. 

A need for fertiliser placement can arise from another cause besides 
that for keeping nutrients in damp soil within the root zone for as long 

possible. If a soil is very poorly supplied with a particular nutrient, 
then the crop appears to be able to take up more of this nutrient from 

' 'V. H. Macintire et el., Proc. Soil Set. Soc. Amer., 1948, la, 359 - 

, Engng., 1947, a8, 347; Proc. Soil Sci. Soc. Amer., 1947, 11, 539 ! for ^nrn»t«y 

wa lor ftiaize only, see J. Pitner [Proc. Natl. Joint. Cttee. Pert. Appl., i_ 9 , 44 i *®> • 3 ®)> found 
the yield of maize was increased 20 to 25 per cent by placing the fertiliser 8 to 10 inches below 

seed instead of 2 to 3, 
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a dressing of fertiliser concentrated in the soil near the plant, than if the 
same dressing is broadcast over the surface of the soil. This has been 
shown to be true for potassic and phosphatic fertilisers. The causes of 
this benefit of fertiliser placement have not been analysed. Part may 
be due to the fact that when the fertiliser is placed, it is all kept below 
the soil surface so that none will be in the actual surface layer of the soil. 
Part may be due to the fact that the plants showing greatest benefit 
from this placement probably take up the potassium and phosphate 
they need for good growth early on in the season, before the plant has 
developed an extensive root system. For potassium on calcareous soils, 
part may be due to the plant being able to take up potassium easier 
from a zone containing a high ratio of available potassium to calcium 
than a low. For phosphatic fertilisers, part may be due to the slower 
reversion of available phosphate when concentrated in a restricted zone 
of the soil than when distributed uniformly throughout the soil; and 
for soils that fix phosphate strongly, it may even be worth while placing 
pellets of a phosphatic fertiliser under each plant. 

The technique of fertiliser placement for cereals is to drill the fertiliser 
and the seed down' the same coulter of the drill. This technique has 
been extensively used on the phosphate-deficient wheat soils of Australia, 
where as little as ^ cwt. of superphosphate per acre so drilled enables 
a crop to grow well in its early stages. It also started to be widely 
practised in Great Britain during the w'ar on phosphate- and also on 
potassium-deficient land, for it is only necessary to combine-drill half 
the dressing of a phosphatic or potassic fertiliser that must be given if 
it is broadcast, to get a given crop response.^ There is a second tech- 
nique of fertiliser placement, that has been widely advocated in 
America, which is to drill the fertiliser in a band a few inches away 
from the seed — 2 inches to the side and 2 inches below the level of the 
seed being a common recommendation. G. W. Cooke* has tested the 
value of this technique in England and was only able to show an 
appreciable benefit for peas; the other crops he tried — potatoes, sugar- 
beet and swedes — did not benefit by this technically rather difficult 
method of application. This beneficial effect of placement can be 
increased still fiirther in some alkaline soils by mixing sulphur with the 
superphosphate, for the sulphur becomes oxidised-and makes the soil 
and phosphate in its immediate neighbourhood more acid, thus keeping 
the phosphate in an available form for a longer period.® 

^A. H. Lewis, J. Agrk, Sci., 1941, 31, 295; with A. G. Slrickland, ibid., I944> 73> 

E. M. Crowiher, J. Min. Agric.y 1945, 52, 170; ¥, Hanley, J. Min. Agric.) I947> 54 j 3 M> 
R. O. Miles, Jealott's Hill Res. Sta.^ Bull. 4, 1947. 

* J. Agric. Sci., 1949, 39, 96; Proc. Fertiliser Soc.^ 1949, No. 6. • 

* W. T, McGcorge, Proc. Soil Sci. Soc. Amer,, I940j 4 > 2B8. 



CHAPTER XXVI 


THE SOURCES OF PLANT NUTRIENTS IN 
THE SOIL 

I. PHOSPHORUS 

The Phosphates present in the Soil 

These can be divided into three groups: 

(1) Phosphates present in the soil solution. This is always negligible 
compared with the other forms. 

(2) Phosphates present in the soil organic matter. 

(3) Inorganic phosphates including both definite phosphate com- 
pounds and surface films of phosphate held on inorganic particles. 

In general more, and often considerably more, phosphate is present in 
the inorganic than the organic form, though there are soils, particularly 
soils on ancient peneplains and some strongly leached tropical soils, 
where the organic phosphate is the principal reserve of plant available 
phosphate, although it itself is not available. 

ORGANIC PHOSPHATES 

There is still considerable doubt on the phosphate compounds present 
in organic matter (p. 280), but it is almost certain none of them are 
directly available to the plant. The importance of the organic phos- 
phates is twofold. On soils low in phosphate, put down to grass for 
example, the rate of build-up of humus may be limited by lack of phos- 
phate, for the C/P ratio in humus is usually between 100 and 200, and 
inorganic or available phosphate can be converted into unavailable forms 
by the process. Again in soils low in inorganic phosphate, the phosphate 
supply to the crop can be very dependent on the relation between the 
periods when the soil humus is decomposing and releasing phosphate 
and those when the crop is making demands on the soil phosphates. 

More work has been done on the factors controlling the liberation 
of phosphate by the decomposition of organic matter than its lock up 
^ue tjo humus accumulation. As described on p. 222, one of the 
important factors which controls the rate of mineralisation of this 
phosphate is the number of times the soil becomes really dry between 
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re-wettings, and another factor is temperature, for the warmer the soil 
the more rapid the rate of decomposition can be.^ 

This source of phosphate is naturally the more important the lower 
the level of available inorganic phosphate, but in fact in the great 
majority of arable soils it is of minor importance. There are a number 
of tropical soils, however, where the major part of the potentially plant 
available phosphate is in the organic matter in the surface soil, so that 
if the surface gets washed away by rain, or removed by bulldozing or 
any other cause, the subsurface soil which now becomes the surface is 
so low in phosphate, and usually in many other elements as well, that 
crop growth becomes exceedingly slow unless heavy dressings of 
phosphate are given. Work on organic phosphates in soils is limited by 
the difficulty of determining this fraction, and none of the methods ^ hi 
use are really satisfactory. 


CALCIUM PHOSPHATES 


Calcium phosphates exist in several forms, the most important of 
which for our purposes are: 

Ca(H2P04)2.H20, monocalcium phosphate, which is water soluble, 
and the dominant phosphate of superphosphates. 

CaHP04. 2H2O dicalcium phosphate (hydrated) and about o-i HoO 
(dehydrated). The dihydrate is metastable and goes over to the 
dehydrated form relatively easily, and both are only slightly soluble 
in water. Dicalcium phosphate is present in many phosphate fertilisers 
made by treating monocalcium phosphate with ammonia or calcium 
hydroxide. 

Ca4H(P04)3.2H20 calcium octaphosphate, probably exists and may 
be formed by precipitation under suitable conditions.® 

Ca3(P04)2 tricalcium phosphate, which is certainly formed in 
high-temperature slags, but there is still doubt if it can be formed by 
precipitation from aqueous solutions.^ 

Caio(P04)e(OH) 2 hydroxyapatite, which is the phosphatic constituent 
of bones and teeth. 

Caio(P04)eF2, fluorapatite, the principal phosphatic constituent of 
mineral phosphates in the great deposits in North Africa, Florida and 
elsewhere, and which form the principal commercial sources of 
phosphates. 


* See, for example, M. T. Eid, C. A. Blake et al., Iowa Agnc, Exp. Sta.^ Res, Bull, 406, 19M' 

* For these methods, see for example M, L. Jackson, Soil Chemical Analysis, Englewood Clins, 
N.J., 1958. 

* For a recent discussion on the existence of this phosphate, sec N, Bjcmim, Mat. 
Medd. Dan. Vid. Selsk., 1958, 31, No. 7, and for its existence in soils J. R. Lehr and co-workers, 
Proc, Soil Sci. Soc. Amer., 19.58, 22, 25, 29, and J. Amer. Ckem. Soc., IQ57» 79» 5318. 

* U. Schoen, G. Barbier and S. Henin, Ann. Aeron,, 1954, 4, 441, claim that a precipitate 
tricalcium phosphate exists, giving an apatitc-like x-ray oiagram but on ignition to 900 o. 
giving CasfPO*),. 
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The mono- and dicalcium phosphates do not dissolve congruently 
in weakly acid, neutral or alkaline solutions, that is, the ratio of phos- 
phorus to calcium dissolved differs from that in the solid phase: 
relatively more phosphate than calcium comes into solution, so the 
solid phase becomes more calcium rich. Thus if a pellet of monocalcium 
phosphate is placed in water or a dilute solution, only a proportion of 
ilio pellet dissolves, the residue is a porous pellet of about the same size 
from which 6o to 8o per cent of the phosphate has gone, leaving an 
open framework of dicalcium phosphate, which is hydrated if the 
water is cool and its reaction mildly acid, and anhydrous if hot or 
alkaline.^ W. L. Lindsay and H. F. Stephenson® showed that, as a 
consequence of the pellet losing more phosphate than calcium, the 
saturated solution diffusing out of it is acid, with a />H between i and 
I '5, and had a composition between 4 and 4 5 M in phosphorus and 
about 1-3 M in calcium, and it was in equilibrium with the residual 
dicalcium phosphate, being more acid if the dicalcium phosphate was 
anhydrous than hydrated. If a granule of dicalcium phosphate is 
shaken up with water, or with a dilute calcium solution, the ratio of 
dissolved phosphate to calcium is higher for the anhydrous than for 
the hydrated form, and the residue is probably hydroxy-apatite if the 
solution is weakly acid and octaphosphate if neutral or alkaline. But 
equilibrium between the solution and the solid phase is reached very 
slosvly, particularly if the solution is neutral or alkaline. 

An important part of the chemistry of calcium phosphates in soils is 
that oi" apatite, and particularly hydroxy-apatite. When a calcium 
hydroxide solution is added to a monocalcium phosphate solution, or 
sufficient is added to a phosphoric acid solution to give a precipitate, 
the precipitate has the crystal structure of hydroxyapatite; but the 
crystals are so small that their chemical composition may differ appre- 
ciably from a calcium-phosphorus ratio of 1-67:1 because the com- 
position of the monolayer on the crystal surface is different from that of 
the unit crystal cell.® Thus apatite crystals in bone are hexagonal 
tablets about 300 A across and 25-30 A thick, that is, three unit cells 
thick, so only about one-third of the unit cells have the composition 
ol apatite, the other two-thirds have only one face attached to an 
apatite cell, and the other face is free. Such crystals have a surface area 
of about 100 sq. m. per gm. Precipitates formed by adding pure lime 
'vatcr to phosphoric acid solutions have the hydroxy-apatite structure 

‘ . tt. Brown and J. R. Lehr, Proc. Soil Set. Soc. Amer., 1958, 22, 29, and 1959, 23, 7. 

’" I'/oc. Soil Set. Soc. Amer., I95g, 33 , la, 18. ^ o 

I’or the most important papers on this subject see: H. Bassett, Irans, Lnem. &oc., i 9 * 7 > 
. 1 . A. Naftel, J. Atmr, Chern, Soc., 1936, 28, ^o: P. W. Arnold, Trans. Faraday Soc., 
4t>, 1061; and S. B. Hendricks and VV. L. Hill, Proc, Nat. Acad. Sci. (Washington), 
jn.V), 36, 731, For a review on phosphates of bone sec W, F, and M. W, Neuman, Chem, 
53 i as well as Hcndriclb and Hill. 
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with a surface area between lo and 20 sq, m, but impurities such as 
citrate^ and possibly carbonate ions present in the solution reduce the 
crystal size, 

A consequence of this extremely small crystal size is that these 
precipitates are not true hydroxy-apatite, for the composition of the 
surface layer can vary appreciably from that of true apatite, due to 
the exchange of the hydrion (H3O) + for calcium, and possibly of the 
hydroxyl for phosphate. Thus precipitates giving the hydroxy-apatite 
structure can have calcium-phosphorus ratios between i *4 and i ‘8. 

There is a marked reaction between the apatite surface and carbonate 
ions in solution. The surface can absorb a monolayer of carbonate 
ions relatively easily, and the surface of calcite a monolayer of phos- 
phate ions; and the spacing of these ions in the monolayer is such tlim 
calcite can build up on the apatite and apatite on the calcite relatively 
easily.^ Thus the fine crevices between the apatite crystals in the dentine 
of teeth are filled with calcium carbonate formed on them, and corre- 
spondingly calcium carbonate nodules in soils treated with super- 
phosphates for a long period of years have a film of apatite on their 
surfaces, as shown by G. Nagelschmidt and H. L. Nixon^ on Broadbalk 
field. The presence of this carbonate layer also slows down the rate 
at which apatite crystals in a solution of calcium, phosphate and car- 
bonate ions reaches equilibrium. Thus J. S, Clark^ was able to measure 
the solubility product of hydroxy-apatite quite easily if he worked in 
C02-free solutions, particularly if the precipitate was aged for a few 
hours at C., but he failed to get an equilibrium value in the presence 
of CO2, even after long periods of ageing at high temperatures. This 
has the consequence that equilibrium between the solid apatites in the 
soil and calcium and phosphate ions in solution is reached exceedingly 
slowly; and in such a labile system as the soil solution, the evidence is 
that a true equilibrium is never in fact reached. 

Hydroxy-apatite is not stable in the presence of fluoride ions. Even 
in very dilute fluoride solutions, the fluoride ion displaces the hydroxyl 
in the apatite structure, but this displacement goes exceedingly slowly. 
Thus bones buried in the soil unde;* conditions in which the phosphate 
does not dissolve pick up fluoride from the soil solution, but the reaction 
may take thousands of years to come to completion. It is for this 
reason that the fluorine content of a buried bone can sometimes give a 
good indication of its age, and that most rock phosphate deposits are 
fluor-apatites, for they have been formed from phosphates being 
precipitated in the sea and picking up fluoride ions from it. 

* P. Boischot, M. CoppcritJt and J. Hebert, Plant and Soil, 1950, 2, 31 1, U. \ ’ 

S. R. Olsen and G. O. Scott, Proc, Soil Sci, Soc, Amer,, 1953, 17, 352. ^ 

* J^ature, 1944 , *54> 428 * * Caned, J. Qtm,, I955> 33i *^9®- 
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There is also considerable evidence that a small proportion of the 
phosphate ions on the surface of the fluor-apatite crystals can be re- 
placed by carbonate CO 3 , and that this replacement reduces the small 
tendency that the fluor-apatite crystals have to grow. Certainly the 
i-ock phosphates that are easiest to make superphosphate from, and 
w hich are of most use as phosphate fertilisers when simply ground fine, 
arc those which contain the higher amounts of non-calcite carbonate 
ions, and their presence on the lattices seems to counteract the reduction 
in the solubility of phosphate one would expect from the replacement 
of hydroxyl by fluoride.^ 

iron and aluminium phosphates 
In well drained soils the principal crystalline compounds of alu- 
minium and ferric phosphates are probably the variscitc — barranditc — 
strengite group; variscite having the formula AIPO4.2H2O, strengite 
FeP04.2H20, and barrandite being a mixture of the two in almost 
any proportions. The only iron phosphate mineral that has been 
found in crystals which arc recognisable in the petrological microscope 
is vivianite, Fe3(P04)2.8H20, a ferrous phosphate that can often be 
found in water-logged or badly drained soils. 

There arc also a few minerals found in nature which may occur 
in soils as crystals too small to have been detected yet, such as stur- 
rettite 3A1(0H) .2PO4.3H2O. A number of crystalline phosphates 
of iron and aluminium have been prepared in the laboratory,^ 
and W. L. Lindsay and H. F. Stephenson® have shown that when 
granulated superphosphate is added to a soil, crystals of two of these, 
a tar^inakite H3K3Al5(P04) g. iSHgO and one with a composition 
HyK(Al.Fe) 3. (PO4) 3.6H2O may be formed. Both of these contain 
potassium and the second has an aluminium-iron ratio of 2 or less. 

is likely that these iron and aluminiim phosphates occur in many 
soils in the form of films, a few molecules thick at the most. These films 
are probably held on the surface of hydrated ferric and aluminium 
oxide films, or on ferric and aluminium ions forming part of the surface 
layer of clay crystals. The properties of these phosphate-hydrous oxide 
films that are of most importance for the phosphate status of soils con- 
cern the ease with which other anions present in the soil can displace 
df 3 phosphate; and this in turn is usually dependent on their specific 
interaction with the ferric and aluminium ions in the film. 

Ihc principal experimental facts of importance on phosphate 

' Ser J. H. Caro and W. L. Hill, J. Agric, Fd. Chem., 1956, 4, 684, for a discussion of this. 
* l or a discussion on the conditions under which the various cr>’staUine forms of ferric 
aiunanium phosphates are produced, sec J. E. Salmon, J. Cheni. Soc., 1952, 2316, and willt 
f - JarTieson, ibid., I9‘>4, 4013, C. V. Cole and M. I., Jackson, J* Phys, ColL Chem,, i 95 ^> 
54 , 12H, J. F. HasemanVj. R. Lehr, and J. P. Smith, Proc, Soil Sci. Soc, Armr.y 1915, 15, 7 ^^ 
Soil Sci, Soc. Amir., 1959, 23, 440. 
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sorption and desorption from hydrous iron and aluminium oxide films 
are: 

(1) Raising the />H of the solution in contact with a film containing 
sorbed phosphate releases some of the phosphate into solution. This is 
probably an example of simple exchange with the hydroxyl anion due 
to the great insolubility of the hydroxides at high />H, but it is probably 
only of importance at hydroxyl ion concentrations higher than that 
found in normal soils. 

(2) Silicate anions will displace some of the sorbed phosphates from 
these films, though whether this is simple anion exchange or due to the 
silicate forming a complex with the iron and aluminium ions has not 
been properly investigated. 

(3) Ions such as oxalate, citrate and tartrate, which form strong 
chelation compounds with ferric ions and rather weaker ones with 
aluminium, will displace phosphates from these surfaces, and reduce 
their power of sorbing phosphates.^ These hydroxy-acids can be pro- 
duced by micro-organisms and may be so produced in soils under 
certain conditions. , 

(4) Some components of organic matter extracts from soils are 
strongly sorbed on the surface of these films and these new surfaces 
only sorb about one half to one third the amount of phosphate that the 
original surface could. The reason why the coated surface still sorbs 
phosphate, though the sorbed humic components themselves cannot, 
is not known. ^ 

(5) Iron phosphate films, based on strengite, are more resistant to 
re-solution than aluminium phosphate films, because the surface of the 
iron phosphate tends to hydrolyse losing its phosphate ions and leaving 
a film of ferric hydroxide protecting the ferric phosphate.® 

The Sorption of Phosphates by Soils 

A water-soluble phosphate, such as monocalcium phosphate, added 
to a soil in the field, is rapidly converted into water insoluble forms. 
Correspondingly a soil shaken up in the laboratory with a water-soluble 
phosphate will usually absorb an appreciable amount, depending on 
the conditions of the experiment; but typically it will not come into 
equilibrium with this solution — the amount absorbed will continue to 
increase for periods of weeks.^ This suggests that no single simple stable 
compound is formed, at least initially. 

^ See, for example, D. H. Sieling and his co-workers, Soil Sci.y 1949, 67, 3; I 950 > ^ 9 ’ 
and 1953, 76, r7f). * J. P. leaver and E. W. Russell, J. Soil Sci.y 1957? 

* S. C. Chang and M, L. Jackson, Pm. Soil Sci. Soc. Amer.y 1957, 2X, 265. r i' 

•For an example, where precautions were taken to minimise side reactions, sec j. 
Leaver and E. W. Russell, J. Soil ScL, 1957, 8, 113. 
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Only two mechanisms by which soils hold phosphate in the field 
have been proved to be of importance, namely, those involving calcium 
ioiis and those involving iron and aluminium ions. There is the possi- 
bility of a third process, namely, phosphate being held on the edges of 
clay particles through hydrogen bonding between hydroxyls in the 
broken edges and the covalently linked oxygens of the H2PO4 tetra- 
hcclra.^ This mechanism is consistent with G. W. Cooke’s* finding 
that adding selenious acid to the phosphate solution reduces the amount 
ol phosphate sorbed on the iron and aluminium hydroxide surfaces 
but it does not affect sorption by a clay. 

The calcium ions which hold phosphate in a soil may be calcium ions 
in solution, exchangeable calcium ions forming calcium phosphates on 
the surface of the clay particles, or calcium ions anchored on the surface 
ol calcium carbonate crystals. This process is of primary importance 
in inherently neutral or calcareous soils, as can be shown by measuring 
amount of phosphate such a soil can hold in equilibrium with a 
bulfered calcium solution at say pH 7 compared with the amount the 
corresponding sodium-saturated soil can hold in a buffered sodium 
solution of the same pH and ionic strength. If the pH of the buffer drops 
bolow about pH 5*5, there is little difference between the amount of 
phosphate they hold.® 

The iron and aluminium ions which can hold phosphate may either 
be present in films of hydrated oxides, or the aluminium may be present 
as exchangeable cations if the soil is acid, or a film of aluminium 
hydroxide if the soil had been acid and has had its pH raised by liming.^ 
There is a rough correlation between the free iron and aluminium 
oxides removed by treatment with mild reducing agents such as 
Indrogen sulphide or nascent hydrogen, or by acid oxalate solutions, 
and the amount of phosphate subacid soils can hold. E. G. Williams 
and his co-workers® have been able to separate the effects of iron and 
aluminium compounds as sites of phosphate sorption for a number of 
Scottish soils derived from several parent materials. They showed that 
the phosphate-sorbing power w^as closely correlated with the amount 
of aluminium removed by Tamm’s acid oxalate treatment, and that 
the correlation was not improved b^ allowing for the iron it extracted. 
The level of aluminium extracted was closely correlated with the level 
ol organic carbon in the soil, an observation whose significance is not 
yci known (see p. 285). They also showed that when this active alumi- 
oium was removed, the phosphate-sorbing power was only about 
per cent of the original soil, an observation also made by A. G. Ghu 

^ W. Emerson, J. Agric, Sci,, 1956, 47, 35^. * ^ 95 ^*? 254. 

M Leaver and E, W. Russell, J. Soil ScUy 1957, 8, 113. 

^ t or an example, see A. Demolon, P. Boischot and J. Lajon, Ann. Agroti., 1953, 291. 

Scu Food Agric,, 1958, 9, 551. 
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and G. D. Sherman.^ Further, if the soil is pre-treated with say 
8-hydroxy-quinoline, or a suitable humic acid extract, both of which 
are strongly absorbed on the active iron and aluminium ion spots, the 
phosphate holding power of the soil is reduced, often markedly.^ 

The relative importance of these two mechanisms in any given soil can 
be roughly assessed in several ways. Thus the phosphate held through 
calcium ions is released if the pTA drops below about pH 5-5; hence 
solutions of sodium salts buffered at pA 4*5, which are often used to 
measure the phosphate status of a soil, extract much of this phosphate. 
Such dilute acid treatment does not remove any of the phosphate held 
by iron and aluminium ions, and to determine this a solution of sodium 
hydroxide having ay;H above 9, such as a 0*1 N solution, is often used; 
or a solution containing fluoride ions, which will displace phosphailc 
from alumina films. A simple way of determining if a soil can sorb 
much phosphate through the iron and aluminium ions it holds is to 
determine its ability to sorb phosphate from a solution at say pA 5, 
below that at which the calcium ions will have any influence on the 
phosphate retention. 

Some informatiorf about the form of this absorbed phosphate can be 
obtained from experiments using water-soluble phosphates in which 
a known proportion of the phosphate ions contain radio-phosphorus, 
This radio-phosphorus will not only be sorbed with the added 
phosphate, but it will also undergo isotopic exchange with any phosphate 
ions which can dissociate from the soil surface. The greater the amount 
of this phosphate, the more the ratio of to P^^ in the solution will 
be lowered from its initial value, and the amount of this phosphate can 
be calculated from this low'ering.^ This isotopically exchangeable soil 
phosphate is often called the labile phosphate in the soil. It is a reason- 
ably well defined quantity for field soils not recently manured, although 
it increases slowly with time, particularly with some soils. 

This technique can also be used for soils which have recently been 
allowed to absorb a small amount of a water-soluble phosphate. If 
the amount absorbed corresponds to the amount of phosphate added 
to the soil in a light fertiliser dressing, all the sorbed phosphate may 
contribute to the labile phosphate ihitially, indicating that it is present 
either in a mono-molecular layer, or in a thicker layjer so loosely formed 
that all the phosphate ions in it remain easily accessible to the solution. 
But after a short time a proportion of the sorbed phosphate in the mono- 
layer, which may be as high as 80 per cent but is usually much less, 
loses this property of exchangeability. Part of the cause may be that 

^Hawaii Agric, Exp. Sta., Tech. Bull. 16, 1952. 

^J. P. Leaver and E. \V. Russell, J. Soil Sci., 1957, 8, 113. n . 

* For details of tliis technique see, for example, G. D. McAuliffe, N. S. Hall ei al.y W* 
soil Sci. Soc. Amer.y 1947, 12, 1 19. 
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(ine of the phosphate migrates into cracks of molecular dimensions 
id this process is a slow one, part may be due to a slow build-up of 
licker or more compact films, part may be due to the phosphate- 
inning films on surfaces from which iron or aluminium ions dissociate 
;ry slowly, and part due to a non-phosphate film forming on top of 
1C phosphate film, as, for example, a film of iron hydroxide or alumina, 
is probable that all these processes are taking place in soils, though 
is not usually possible to assess the relative importance of each in any 
irticular soil. However, after a time, the level of labile phosphate 
’Comes relatively constant and may remain fairly constant for periods 
' the order of fifty years^ and perhaps for millennia. 

The Solubility Products of Soil Phosphate 

One should be able to prove if the phosphate present in a soil is 
resent as a definite chemical compound or not by determining the 
pparent solubility product of the soil phosphate. If, for example, one 
isumes that the concentration of phosphate in a soil solution is due to 
le solubility of a hydroxy-apatite, one can determine the calcium, 
ydrogen and phosphate ion activities in the soil solution and test if 
lese are consistent with the solution being saturated for apatite. Now 
1C formula for hydroxy-apatite can be written Ca5(P04)3.0H, and if 
is in equilibrium with the solution, then 

«ca X apb4 X floH = constant 

here flca Is the activity of the calcium ions in solution. If the logarithms 
fthc activities are used, andjbCa is written for —log this equation 
an be rewritten in the form^ 

7(/>H — ipCa.) — 3(/)H2P04 + ipCa) — constant, 

here the constant is 14-7 at 25® C. for a hydroxy-apatite made in 
be absence of all carbonates and aged at 90° C., presumably to 
btain a fairly stable surface.® As already shown on p. no, the first 
erm (pH — |/>Ca) is Schofield’s lime potential in the solution, and 
ichofield has called the second term (PH2PO4 -1- ipCa) the phosphate 
lotcntial. It is in fact the negative logarithm of the activity of mono- 
alcium phosphate in the solution, and is proportional to its negative 
bernaodynamic potential. The larger this term, the lower is the 
ictivity of monocalciuni phosphate in the solution, so in general the 
lower the phosphate concentration. This term differs from the lime 
potential in that the higher the lime potential, as defined above, the 

, ‘ O. Iv. G. Mattingley, J. Agric. Set., 1957, 40, 160; for similar results in America see S. R. 
Ofei, t'. Watanabc et al., Soil Set., 1954, 78, 141 

•or /)(H,P04) = constant + spH + p{T^*) and />(OH) = constant - pH. 

*J. S. Clark, Canad. J. Chem,, 1955, 33, 1696. 
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greater is the activity of calcium hydroxide in the solution, because the 
lime potential is defined as pYi — i/^Ca instead of />OH + ^/>Ca. 

If one now determines the lime and phosphate potential in the soil 
solution, and if they are found to be related by this equation, then one 
has proved that the most soluble phosphate in the soil is hydroxy-apatite. 



Fio. 44. The relation between the lime and phosphate potential in one Danish and luo 
Rothamsted field experiments. 

I. Solubility curve for dicalcium phosphate dihydrate. 

II. Solubility curve for calcium octophosphate. 

III. Solubility curve for apatite. 

A, Lime potential for calcium carbonate in equilibrium with air containing 0 03 per 
cent COj. 

H. Hoosficld plots Rothamsted: 3 and 3A no superphosphate; 4 and 4A with super- 
phosphate. The A plots receive sulphate of ammonia. 

B. Broadbalk plots, Rothamsted: 3 unmanured; 5 with phosphate but no nitrogen, 
6 and 7 with phosphate and with suljinate of ammonia. 

0 Trystoftc, Denmark. 

G. No phosphate, no lime. 

L. Limed 1943. 

P. Superphosphate 1943, sampled in 1949. 

The corresponding relation between the lime and phosphate poten- 
tials for a saturated solution of dicalcium phosphate is 

O&H - i/da) - [pH^VO^ + ipC^) = 0*66 at i8"C. 
for a saturated solution of variscitc is^ 

J. S, Clark and M. Pccch, Pm, Soil Sci, Soc. Amr,, 1955, 19, I 7 *- 
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2(pH — I^Al) — (/1H2PO4 + ijftAl) = — 2*48 at 25° C. 
or 3(/»H - - (^H + />H2P04) =— 2-48 

,vhcre one uses the potentials of aluminium hydroxide and aluminium 
jhosphate or phosphoric acid; and for a saturated solution of strcngite 

2(/>H — |/>Fe) — (/)H2P04 + J^Fe) = constant 

vlicn the constant lies between — 5 and — 7. This constant is not yet 
yell determined, partly because of the difficulty of ensuring equili- 
jriinn, and partly because of side reactions which may take place. 


, Varlsdte line 


'f Soli from field plots 
* Soli to which superphosphates 
added 18 months previous!/ 

2 0 2-2 2-4 2-6 2 8 30 

pH-l^pAI 

fw. (5. The 1 elation between the alumina and phosphate potential for Mardin silt loam 
soils from Mount Pleasant Experimental Farm, New York. 

H. C. Aslyng® has measured the lime and phosphate potentials for 
number of Rothamsted and Danish soils, and J. S. Clark and M. 
jPeec h® for some New York soils, and some of their results are given in 
[figs. 44 and 45. Their results can be summarised as follows: 

(1) The phosphate in neutral and calcareous soils receiving regular 
' dressings of superphosphate is more soluble than hydroxy-apatite and 

' S. C. Chang and M. L. Jackson, Ptoc. Soil Sei. Soc. Amtr., 1957, 265. 

Vft. Agric. CoU. Qrpemagm, Tearbook, I954> *• 
i'"'.. Soil Set. Soc. Amer., 1955, 19, 171. 
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less soluble than dicalcium phosphate, but could well approaci 
calcium octaphosphate,^ although as one would expect for such small 
crystals, they have no exact composition. 

(2) The phosphate in acid soils receiving regular dressings of super- 
phosphate is less soluble than hydroxy-apatite. Liming the soil raisei 
the lime potential, and making the soil more acid by long continuec 
use of ammonium sulphate lowers the lime potential without affecting 
the phosphate potential very much. 

(3) Variscite, and not a calcium phosphate, is likely to be tht 
dominant phosphate in acid soils. This is shown in Fig. 45 for soils lakei 
from a series of plots on a Mardin silt loam whose pH ranged from 42 tc 
5*5 and which received superphosphate eighteen months previously. 

S. C. Chang and M. L. Jackson^ also found variscite was the doni'i 
nant phosphate in some acid soils, although in some it was strengite anc 
in others a form less soluble than either — a result also found by A. \Vild= 
and J. B. Hemwall.^ It is interesting to note that if variscite is the mosi 
soluble form of phosphate present, and the soil solution is saturated \vit[ 
respect to gibbsite, then pH + /?(H2P04) == 10*72, for pH — IpA 
= 2*75 for a saturated solution of gibbsite. Thus if the pH of such ar 
acid soil is raised one unit by liming, that is, the hydrogen ion concen- 
tration reduced tenfold, the concentration of the HgPO^ ion shoiilc 
be raised tenfold. No examples of soils with this property have yet beer 
published, though there are a number of examples in the literature oi 
soils on which crops respond either to liming or to phosphate, but 01 
which there is no additional benefit from applying lime and phosphate 

These solubility studies therefore show that only in some soils doe' 
the most soluble form of phosphate correspond to a definite compound. 
In neutral soils the phosphate does not seem to be present in a definite 
compound, but is usually less soluble than dicalcium phosphate and 
more soluble than hydroxyapatite; whilst in acid soils, the phosphate 
may be present either as variscite or as a less soluble compound. 

Two other methods have been used to supplement the conclusion 
drawn from the phosphate potential work. S. R. Olsen and F. S. 
Watanabe® measured the amount of phosphate a soil sorbed from 
solutions of various concentrations, and they showed that if the soil 
only sorbed relatively small amounts of phosphate, the sorption followed 
the Langmuir equation. They were thus able to show that, at equal 
surface areas as measured by ethylene glycol, an acid soil typically 
twice as much phosphate in the monolayer as a calcareous soil, and 

^ For independent evidence of the conversion of water-soluble phosphate to the octa- 
phosphate in calcareous soils, see J. R. Lehr and co-workers, Proe, Soil Sci, Soc. Amer., i 9r) ^ 
22, 25, 29. * Proc, Soil Scu Soc, Amir., 

Trans, ^th Inf. Confer. Soil Sci. (Leopoldville), 1954, 2, 500. 

^ Soil Sci., 1957, 83, 101. ‘ Proc. Soil Sci. Soc. Atmr., 1957* 
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that it held the phosphate in this monolayer about five times as strongly. 
The effective surface area per phosphate ion sorbed was 2200 and 
5200 A®. Hence the phosphate is very unevenly distributed over the 
soil surface. They also foimd that a soil would sorb very much more 
phosphate than was needed for a monolayer. Thus a Davidson clay 
sorbed o-8 millimols P per 100 gm. of soil as a monolayer and 19 milli- 
mols from a fairly concentrated solution. 

M. Fried and L. A. Dean^ estimated the relative strength of absorp- 
tion of phosphate by iron and aluminium hydroxide films by mahitig 
Fe- and Al-resins, which absorbed phosphate strongly under sub- 
acid and neutral conditions. By mixing the Al-resin as small granules 
and the Fe-rcsin as large, and vice versa, and shaking the mixture up 
with a phosphate solution, they found that at low phosphate concen- 
trations, the Fe-resin sorbed three to four times as much phosphate as 
the Al-resin. However, only about 75 per cent of this sorbed phosphate 
Avas isotopically exchangeable, and this sank to about only 20 per cent 
when very large amounts of phosphate were sorbed. 

The Phosphate Reserves in the Soil 

Measurements of the thermodynamic potential of the principal 
phosphate in the soil solution, and of the amount of labile phosphate 
in the soil, only give information about the composition and extent of 
the surface films of phosphate. Some of the phosphate in the soil is, 
liowever, present either in relatively very thick films or as solid particles, 
and the amount so present cannot be estimated by the above two 
methods, yet it may serve as a reservoir to replenish the pool of labile 
phosphate as the crops growing in the soil slowly deplete it. 

\’arious chemical methods have been devised for determining the 
properties of the principal inorganic phosphates present in a soil, and 
these arc all based on the following assumptions:® 

(1) Dilute acids dissolve all the calcium phosphates present except 
the apatites. 

(2) Concentrated solutions of acjds dissolve the apatites. 

(3) Fluorides displace phosphate from the surface of hydrated 
aluminium oxides and subsequent treatment with alkali displaces it 
from the surface of hydrated ferric oxides.® 

(4) Reducing solutions containing an iron chelating agent will re- 
move phosphate present below the surface of iron oxide films* and in 
particular phosphate present in nodules of hydrated oxide. Typical 

’ Proc. Soil Sci. Soc. Amer., 1955, 19, 143. 

* ^ See, for example, L. A. Dean, J. Agric. Sci., 1938, 28, 234. 

“ R. C. Turner and H. M. Rice, Soil Sci., 1952, 74 . 

* G. R. Bauwin and E. H. Tyner, Ptoc. Soil Sci. Soc. Amer., 1957, 21. 250. 
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solutions are based on the use of nascent hydrogen as the reducing 
agent, and tartrates, citrates or oxalates as the chelating agent. 

This fractionation is not based on a firm chemical foundation. Thus 
there is no true distinction in the soil between calcium phosphates and 
apatites, for dilute acids certainly dissolve some phosphate from 
ground rock phosphate which has been added to the soil as fertiliser; 
so this differentiation is probably dependent on the size of the apatite 
crystals present, but this itself may easily have agricultural significance 
in acid though probably not in calcareous soils. Again, some of the 
phosphate which the dilute acid dissolves from a soil maybe re-absorbed 
by iron and aluminium hydroxide films from the acid solution, and this 
can be marked for acid ferruginous soils. M. O. Ghani^ and C. H.i 
Williams^ using dilute (0*5 N) acetic acid as the extractant reduced 
this re-absorption by adding to the acid i per cent of 8-hydroxy- 
quinoline, which is strongly absorbed on the hydroxide film, so reducing 
its phosphate sorbing power without, however, neutralising it allo- 
gether. G. W. Cooke^ found that the addition of 0-5 per cent of selenious 
acid to the acetic ;acid was more efficient, and finally Ghani and 
A. Islam^ have shown that the addition of both these compounds to 
the acetic acid almost inhibited the absorption of phosphate by iron 
and aluminium hydroxide films. 

Many workers have fractionated the inorganic phosphates in the 
principal soil groups throughout the world. Whilst the results obtained 
must vary very widely with local conditions, they are in the main con- 
sistent^ with the generalisation of S. C. Chang and M. L. Jackson,*’’ 
namely, that in calcareous soils, or soils that have not been much 
weathered, most of the inorganic phosphates are present as calcium 
phosphates; in moderately weathered soils, the principal form is that 
sorbed on iron and aluminium oxide films; and as weathering proceeds, 
an increasing proportion of phosphate occurs inside iron oxide precipi- 
tates. In the extreme example of low humic latosols, they showed that 
all the inorganic phosphate was locked up in these precipitants and 
concretions. 

In soils which are not strongly weathered, as in most British and in 
fact most temperate soils, E. G. Williams and W. H. Saunders 
finding for Scottish soils is probably valid, namely, that the apatites 
tend to be concentrated in the fine sand and silt fractions, and the various 
sorbed phosphates and organic phosphates in the clay fraction. In 
strongly weathered soils, such as occur on old land surfaces in the 
tropics, most of the phosphate may be locked up in concretions, but 

^ Ind, J. Agrk. Sci,, 1943, 13, 562. * J. Agrk, ScL, 1050, 40* 2S 3 

® J. Soil ScL, 1951, a, 254. * Soil Sci., I957> 84. 445- . 

* J. Soil ScL, 1958, 9, 109. «J, Soil Sci., 1956, 7, 9^), 
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lie agriculturally useful form wUl be in the organic fraction/ so it can 
ill be lost relatively easily under unsuitable systems of agriculture. 
These methods of fractionation have really been concerned with the 
latiiral phosphates in soils; but in the soils of countries with a highly 
levcloped agriculture, a large and increasing proportion of the phos- 
)hate they contain is derived from past applications of phosphatic 
ertilisers, usually in the form of superphosphate or of farmyard manure 
lascd on imported feeding stuffs. Thus G. W. Cooke® has estimated 
hat in i 957 j 40 per cent of the phosphates present in the soils of the 
L'nitcd Kingdom have been derived from phosphatic manures and 
ertilisers added to them since 1837. These phosphates have all entered 
into the labile pool of phosphate in the soil, and a proportion of this 
phosphate has lost lability. A fractionation that is well adapted to 
determining these reserves has been developed by O. Talibudeen® 
based on the rate of exchange of added radioactive phosphate with the 
soil jihosphate; and he has put forward a fractionation based on rapidly 
exchangeable phosphate, namely, that exchanged within twenty-four 
hours of adding the radioactive phosphate, a slower exchange, namely, 
that exchanged with 150 hours, and the remainder of\he soil phosphate. 
He luund that for Rothamsted soils, the fraction of the phosphate 
wiopically exchangeable after 150 hours that has exchanged after 
twciily-four hours, i.e. P24/Pi6o> is higher the more recently the phos- 
phate has been added, being 0 92, 076, and 0-49 one, two and five 
jears after superphosphate had been added to the soil. 


The Source of Phosphates in the Soil used by Crops 


HOSPHATE DISSOLVED IN THE SOIL SOLUTION 

The immediate source of phosphates for crops growing in a soil is 
ffobably that of the inorganic phosphate ions in the soil solution. This 
:onccntration varies widely for different soils, from below 10“'^ M to 
iboul io~® M in phosphate in soils known to be deficient in phosphate 
and above io“® M and even above io“® M in soils known to be well 
upplicd.® (lo"® M corresponds to o 3 p.p.m. of P in the soil solution.) 
Now a soil which has a soil solution io~® M in P, and which for example 
I'olds 2 1 inches of available water in the top foot, will have less than 


1 lb. per acre of P in solution to that depth; and if a crop uses 
'5 inches of water during its growth, there will only be about o-2 lb. 

‘ See, lor example, P. H. Nye and M. H. Bertheux, J. Agrk. Sd., 1957, 49 > I 4 *> 1 ®^ examples 
''"m Cihana. * J- Sci. Food Agric., 1958, 9 , 761 . 

’I Soil Sci., 1957, 8, 86, and 1958, 9 , lao. « . . „ . c t.r « 

.. for example, J. S. Burd and J. & Martin, J. Agne. Set., 1923, 13, 265; W. H. 
F. W. Parker, SoUSei., 1927, 34, J» 9 ! L.J. H. Teakle, SoU Set., 1928, 35, 143. and 
■ Nelson et at., Agronom)i Monog., 4 , 1953, 170, 
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per acre of P dissolved in it, yet it may take up lo to 20 lb. per acre of I 
during the growing season. The soil solution can, therefore, only be ai 
adequate source of phosphate if soil phosphate goes from the solid tc 
the solution phase at least as quickly as the crop roots can extract i 
from the soil solution, and if crop roots can extract phosphate readily 
from these dilute solutions. 

It has been found that the phosphate concentration in the soi 
solution of many soils does, in fact, remain approximately constani 
whilst a crop is growing in it; and M. Fried and his co-workers^ have 
shown that in a normal soil, moderately well supplied with phosphate, 
soil phosphate can go into solution at a very much higher rate than 
roots can possibly take it up. 

The soil solution can, however, only be an adequate source', oi 
phosphate if the crop can remove phosphate from these dilute solutions 
at an adequate rate. Experiments to measure the minimum con- 
centration of phosphate needed for good plant growth are technically 
difficult to carry out, but there seems no doubt that most crops can 
make adequate and possibly optimum growth if the phosphate con- 
centration around their roots is kept at io~® M, many crops may 
be able to make good growth if it is as low at io“® M, provided the 
conditions of growth allow good root development,^ but that for 
at least some crops lO”'^ M is much too dilute;® and these results are 
concordant with the observed field behaviour. Thus Aslyng* found 
that at Rothamsted crops growing on soils whose negative phosphate 
potential was greater than 8, corresponding to a phosphate concentra- 
tion ‘in the soil solution of lO"’ M or less, usually responded very well 
to phosphate fertilisers; whilst crops on soils with a negative phosphate 
potential of 6 or less, corresponding to a phosphate concentration of 
io~® M or more, rarely responded. 

The ability of crops to take up phosphate from these dilute solutions,) 
however, is dependent, to some extent at least, on the absence of sonr 
interfering ions. Thus, if the concentration of available ferric ions is tot 
high, the proportion of phosphate taken up by the plant roots that i 
translocated to the leaves is reduced;® and though aluminium ions may 
sometimes produce this effect, they may also stunt the root system ol 
the crop, so reducing the amount of phosphate the crop can take upj 
from the soil solution.® 

No very critical work has been done in the field on the relation be 
tween the uptake of phosphate and the phosphate concentration in thej 

> Soil Set., 1957, 84 , 427. 

* F. T. Bingham, quoted by D. I. Amon, Agronomy Monog,, 4 , 1953. 

® R. S. Russell and R. P. Martin, J. Exp. Bot., 1953, 4» 136; I954» 5> 

* Roy. Vet. Agric. Coll. Copenhagen, Tearbook, 1954, 1. 

® W. N, M. Foster and R. S. Russell, J. Soil Scu, 1958, 9, 280. 

® K. E. Wright and D. A. Donahue, Plant Physiol., 1953, *8, 674. 
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soil solution. R. K. Schofield^ has suggested on theoretical grounds 
that the chemical potential of calcium monophosphate, expressed as 
\pCdi + /»(H2P04) in the soil solution, should control the uptake 
rather than the phosphate ion concentration, but there is no experi- 
mental evidence available to discriminate between these two possi- 
bilities. However, some crops can use HP 07 “ though usually not 
as easily as the and above pH 7 the relative concen- 

tration of the divalent is greater than that of the monovalent ion. 
Taking the solubility product of dicalcium phosphate as — 7-2 at 
i8°C.® the proportion of the phosphate ions in the solution that are 
present at HPO”~ are approximately* pH 5, o-6; pH 6, 6; pH 7, 39; 
pW 8, 86; pH 9, 98-4; and the remainder are almost entirely H2PO4, the 
proportion of H3PO4 and PO4 being negligible in this />H range. 
Also in some acid soils low in calcium, the potential of the iron or 
aluminium phosphates may be much more important than that of the 
calcium monophosphate. 

The advantage of introducing this concept of the phosphate potential 
in the soils is that it measures the intensity with which the soil is holding 
its most easily removable phosphate, for the low^r this potential the 
more weakly the phosphate is being held. Thus the phosphate potential 
describes the phosphate status of the soil in exactly the same way that 
p¥ describes its moisture status: there is a pool of soil phosphate whose 
potential is lowered as more phosphate is added, in the same way that 
the pF of the soil water is lowered if water is added to the pool of water 
in the soil, and the potential is raised if phosphate is withdrawn. One 
should, therefore, be able to plot the amount of phosphate in the pool 
against its potential, obtaining a curve comparable to the j 5 iF-moisture 
content curve, though this has not yet been done for any soil. This 
method of measuring the phosphate status of the soil has the theoretical 
advantage that it is only concerned with the energy needed by the 
plant to withdraw phosphate from the soil, and not with the mechanisms 
of absorption; and as with water, so with phosphate, plants differ in 
their ability to remove phosphate from a high potential pool.® 

A further complication arises in the fielci for the concentration of 
phosphate in the soil solution throughout the soil is not always con- 
stant. Some crop roots, and perhaps some rhizosphere bacteria,® 
probably secrete acids into the soil solution which will raise the solu- 
bility of phosphates in the solid phase in their immediate neighbourhood, 
3 nd this affects some forms of phosphate more markedly than others. 

'Ji'Us and Fert., 1955, 18, 373. 

" ^ K. Hagen and H. T. Hopkins, Plant Physiol,, 1955, 30, 193. 

” G. Bates and S. F. Acrcc, J. Pes. Nat. Bur. Stand., 19439 3 ®» *29. 
iaken from S. R. Olsen, Agronomy Monog., 4, 1953. 

K* S. Russell, E. W. Russell, and P. G. Marais, J. Soil Sci., 1958, 9 ^ ^01. 

C. Gerretsen, Plant and Soil, 1948, 1, 51, and J. 1 * Sperber, Nature, I957> 180, 994. 



492 THE SOURCES OF PLANT NUTRIENTS IN THE SOIL: I 

Again some produce low concentrations of hydrogen sulphide which 
will increase the phosphate solubility of ferric phosphates in their 
neighbourhood.^ Again, soils containing decomposable organic matter 
which is not intimately and uniformly mixed with the body of the soil, 
are likely to have a higher phosphate ion concentration in the neigh- 
bourhood of pieces of this decomposing matter, which will be higher 
the more rapidly it is decomposing. 

The soil solution often contains more organic than inorganic phosphate 
compounds; and although the chemical composition of these organic 
compounds are not known for certain, they are probably bacterial cells. 
There is no evidence that they are taken up by the roots of the crop.® 

PLANT-AVAILABLE PHOSPHATE IN THE SOIL 

Soil chemists have for a long time been concerned with advising 
farmers how much fertiliser it is economically justifiable to give to a 
crop on a particular field. Even if an analysis of the soil solution for 
phosphate was an adequate method for predicting the need for a 
phosphate fertiliser,^ it is one that would be extremely inconvenient and 
expensive to use in practice. Chemists have, therefore, devoted a very 
great deal of time, for upwards of a century, to devising easier methods, 
which in the past have included both the use of chemical extraction 
agents and of plants or micro-organisms growing in the soil. Since 
chemical methods are the most convenient to use, far more work has 
been done with them, and innumerable methods have been devised. 

Initially the chemists looked for a chemical that would dissolve the 
same amount of phosphate from the soil as the plant roots, ignoring the 
fact that different plants extract different amounts of phosphate from a 
soil. But they soon realised that any standardised chemical extraction 
technique which placed the soils in the order of crop responsiveness to 
phosphate was all that was needed, so recent work has been concerned 
with determining the correlation coefficient between the responsiveness 
of a crop to a phosphate fertiliser on various soils (often by pot experi- 
ments in a greenhouse rather than in a field trial) and the amount oi 
phosphate extracted by various techniques; and that which gives the 
best correlation is used for advisory purposes in the-xegion.® 

One of the earliest methods devised, and still widely used, is that of 
B. Dyer,* based on extracting a soil with i per cent citric acid, and the 
reasons for its limitations are worth discussing to show the chemical 
problems involved. In the first place, it works reasonably well in 
practice: Table 107 shows that for as far as sugar-beet in the Eastern 

‘J. I. Sperber, J^ature, 1958, *8l, 934. , 

* A. Kaila, ValL MaatalousL Julk., No, 129, 1948. ^ t w ii 

• For an example of this use of correlations, see J. W. Fitts et aL,N,C, Agrk. Exp, Sta,, Tech, duu> 

121, 1956. ♦ Trans, Chem, Soc,, 1894, PhU. Trans,, 1901, 194 B, 235 - 
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TABLE 107 

Response of Sugar-Beet to Superphosphates on Soils with different 
contents of citric-soluble Phosphate 
English sugar-beet experiments made during 1934-49 

Phosphate fertiliser used 6 evw. per acre of superphosphate (0-44 ewt. per acre P) 

I per cent citric acid used as extractant— all soils contain less than 5 per cent CaCO, 


Citric soluble P 
in mgm. per 

100 gm. soil 

Number of 
fields 

Mean 
response 
Sugar in 
cwt. per 
acre 

Per cent of sites giving 
responses in the range 

1 

<1-3 


>2-6 

0 -16 

57 

3-20 

35 

23 

24 

16-1-24 

69 

2-04 

39 

25 

36 

24-1-48 

131 

l-ll 

54 

25 

21 

>48 

1 

55 

0-53 

60 

27 

13 


counties of" England is concerned, it does enable one to predict response 
to a dressing of superphosphate reasonably well when averaged over a 
period of years. ^ But it fails on some acid soils for it* sometimes dissolves 
iron phosphates of low availability to the crop, and on some calcareous 
soils it may dissolve phosphates below the surface of calcium carbonate 
concretions or lumps of chalk. 

Many attempts have been made to overcome these limitations of 
citric acid, and most of the methods in current use have been devised 
in the light of our present knowledge of soil phosphates.® Thus dilute 
mineral acids or acetic acid, sometimes buffered at a selected j&H have 
been used, largely to dissolve the readily soluble calcium phosphate in 
the soil. Again a mixture of dilute hydrochloric acid (either 0-025 N 
or o-i N) and dilute (0-03 N) ammonium fluoride® has been used 
both to dissolve the calcium phosphates and also to displace the 
phosphate sorbed on the aluminium, and possibly also the iron hydrated 
oxide surfaces; and dilute (o-i N) sodium hydroxide* has been used 
ior soils in which all the phosphate is expected to be absorbed on these 
hydroxide surfaces. Again for calcareous, neutral or not very acid 
soils, a sodium bicarbonate solution,® or simply a carbonic acid solution, 
has been used to displace the phosphate from the surface of the calcium 
phosphates. 

But inherent in the basis of each method is the assumption that crops 


( 1 >. A. Boyd, H. V. Garner, W. B. Haines, J. Agric. Sci., 1957, 48 , 464. 

" I 'lr reviews see W. D. Brind, Soils and Fert,, 1950, 13, 235, 315, and W. L. Nelson, A. 

and E. Winters, Agronomy Monog,^ 4, 1953. 

^ K. H. Bray and L. T. Kurtz, Soil Sci., 1945, 59^ 39* 

^ 1 U. Saunder, Soil Sci.^ 1 956, 82, 457. 

“ K. Olsen, C. V. Cole ct al., U.S.b.A. Circ. 939, I 954 > A- 

''‘’LAgrori.J., 1954,46, 175. 
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need the same amount of available phosphate for good growth in all 
soils — an assumption that is certainly incorrect if soils of widely 
different genetic type are considered, but is reasonably valid for soils 
of the same general type. Again, these methods would only be ex- 
pected to be of value if the calcium phosphates soluble in dilute acid 
and the phosphates sorbed on the sesquioxide surfaces contribute 
equally easily to the phosphate supply which is taken up by the crop. 
But general experience in several countries is that naturally neutral 
soils are more likely to be well supplied with phosphate than either 
acid or alkaline soils as Table io8 relating to a number of Californian 

TABLE 108 

Effect of Soil Reaction on the Proportion of Soils likely to Respond 

to Phosphates 


pH of SojI 

Number of sites 
tested 

Per cent of soils 
responding to phosphates 

<5-9 . 

105 

79 

6-0-6-3 

91 

65 

6-4-6-7 

89 

37 

6-8-7-9 

116 

26 

8-0-8-3 

27 

44 

>8-3 

20 

80 


soils indicates.^ H. F. Birch, ^ working in East Africa, has also found 
that certain soils and crops, the lower the pH of the soil, or preferably 
the lower the percentage saturation of the exchange complex with 
bases, the greater the probability of a response to phosphate; and on 
these soils there was no correlation between response and the amount 
of phosphate extracted by the usual solvents, which was usually quite 
high. 

It is possible that the cause of this greater response on acid or un- 
saturated soils lies in the control which ferric or aluminium ions in the 
soil solution may exert on the uptakp of phosphate, for Birch found that 
he could equally well use the amount of water-soluble silica, which was 
very closely correlated with the base saturation and was presumably 
inversely proportional to the concentration of these two cations. He 
found some evidence that the probability of a phosphate response was 
correlated with the degree of unsaturation of the soil for phosphate, as 
measured by a standard technique, which could be an indirect measure 
of the phosphate potential in the soil solution. On the other^hand 

^ H. Jenny, J, Vlamis and W. E. Martin, Hilgardia, 1950, ao, i. 

* J. A£Tic. Sci., 1953, 43, 229, 329 . 
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M. Baiba and R. H. Bray^ have produced some evidence that, in 
jme soils at least, the phosphate held on the sesquioxide surfaces may 
e taken up by the crop more easily than the calcium phosphates. This 
esult was unexpected since it is commonly believed, though on no good 
vidence, that calcium phosphates are the more available. 

The introduction of radio-phosphorus P** into soil research has led 
3 two new methods. 2 One of these is to measure the amount of labile 
hosphate in the soil; and the second is to add a water-soluble ortho- 
hosphate tagged with P®* to the soil and determine the ratio of P^i to 
>32 in plants growing in that soil. If the added phosphate has been 
onverted into the same form as the readily available phosphate in the 
oil, and if the tagged phosphate has come into isotopic equilibrium 
v'iih this soil phosphate, then the amount of phosphate in this reservoir 
)f readily available phosphate, a quantity often known as the A value 
or the soil, can be calculated. For normal agricultural soils, the A value 
iocs not depend on the crops grown provided awater-soluble phosphate 
s used and it has been intimately mixed with the soil,® showing that 
he added phosphate has, in fact, rapidly come into equilibrium with 
he pool of available phosphate in the soil. * 

l or many normal non-calcareous agricultural soils of the temperate 
regions it has been found that the amount of labile phosphate, the 
Vvalue phosphate, the phosphate extractable on anion exchange 
resins,* and that extractable by solutions such as the Bray and Kurtz 
solution of 0-025N.HC1 -f 0-03N.NH4F are approximately the same, 
indicating that in these soils there is a fairly definite soil phosphate 
traction that can reasonably be called available; and it does not 
matter much if this phosphate is a readily soluble calcium phosphate 
or is held on the surface of calcium carbonate or on hydrated alumin- 
ium, and presumably ferric, oxide surfaces. But in soils very low in 
phosphate, or in some soils derived from basic igneous rocks and 
possibly also some types of volcanic ash, these methods may give very 
difTcrent amounts® indicating that in these soils, this simple concept of 
availability is inadequate for understanding the phosphate supplying 
power of the soil to the crops growing on it. 

This assumption that there is a’ fairly definite pool of available 
phosphate in the soil fails for soils in which most of the potentially 

‘W*,., 1956, 8a, 365, and 1957 , 83. > 3 «- „ ^ jr. 

a review of the value of this technique, see G. E, G. Mattingley, Soils and Feri,, I 957 > 

[ 20, r,t; 

l.arsrn, Plant and Soil, 1952, 4, 1; M. Fried and L. A. Dean, Soil Scu, 1952, 73, 263; 

M. f ried, Proc, Soil Sci. Soc. Amer,, 1953, 17, 357. For a critical discussion on the inter- 
P>f of these A values, sec L. A. Dean, Proc, Soil Sci. Soc. Amer., 1954, 18, 462. 

* F Aiicr, D. R. Bouldin et aL, Plant and Soil, 1955, 6, 391. 

Set', for examples of this, R. S. Russell, E. W. Russtdl and P. G. Marais, Soil Sci,, I 957 > 

and 1958, 9, 1 01. 
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available phosphate is in the soil organic matter, such as exhaustec 
soik very low in available mineral phosphate which have recently beei 
given dressings of farmyard manure, or many tropical soils on old lan( 
surfaces. In these soils the organic phosphate is mineralised in flushes 
in phase with the flushes of decomposition of the soil’s organic matter 
as described in p. 222. Simple chemical extraction methods are 
therefore, unsuitable for measuring the phosphate supply available t( 
the crop^ and though an incubation technique is more suitable, thi 
supply depends on the concordance in time between the crop’s require 
ments for the phosphate and its production from the organic matter 
It is probable that the amount of organic phosphate mineralised cart b( 
estimated from tire readily extractable and oxidisable organic mattCf,: 
and that the proportion actually liberated in the field, or the relatat 
importance of the organic to the inorganic phosphates, is greater th( 
higher the soil temperature during the growing season.® 

The phosphate status of a soil, as measured in the laboratory 01 
greenhouse, must naturally be used with great caution for predicting 
field responses, even in the temperate regions; for the amount 0 
phosphate available to a crop not only depends on the amount presen 
per gram of soil, it also depends on the volume of the soil lapped by th( 
root system of the crop. Hence, everything which increases the rate 0 
growth of the root system, such as good husbandry practices, balancec 
manuring, and even sometimes starter doses of phosphate placed neai 
a seedling, will increase the speed with which the roots will rainif) 
through the soil; and everything which encourages deeper rooting 
such. as moderate droughts at suitable periods during the growing 
season^ (sec p. 452) will also increase the volume of soil accessible ic 
the crop. 


Phosphate Fertilisers 

The principal primary sources of phosphate for fertilisers are certain 
mineral rock phosphates derived from the phosphate of organisms living 
in past geological eras, and containing up to 80 per cent of apatite 
usually in the form of fluor-apatite. Important commercial sources 0. 
supply are the deposits in North Africa, America, certain Pacific island; 
such as Nauru and Christmas Island, and the Kola Peninsula in 
U.S.S.R. These mineral phosphates have only a limited use as fertiliser 
as the apatite crystal has a very low solubility — it will maintain a 

* For examples from East Africa see H. F. Birch and M. C. Friend, J. Agric. Sd., 
from West Africa see P. H* Nyc and M. H. Beriheux, jf, Agric, Sci,, 1957, 49? 

Nebraska see R. A. Olson, M. B. Rhodes and A. F. Drcicr, Agron, jf,, I954> * 75 * 

* A. van Diest and C. A. Black, Soil Sci.^ 1959> 87, 145. * 

* M. T. Eid, C. A. Black and O. Kempthome, Soil Sd., 1951, 71, 36 t. 

* For a possible example of this effect, see K. Simpson, J, Set, rood Agrtc., 7 > ^ 
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foncentration of about 10-’ M in phosphate if shaken up with water ‘ 

so it is necessary to break up this crystal lattice before they can be used 
as a general fertiliser. This is done either by treatment with a mineral 
acid or by high temperature sintering processes. Far the most widely 
used process is to treat the rock with enough sulphuric acid to convert 
the apatite to the water-soluble monocalcium orthophosphate mono- 
hydrate, the excess calcium reacting with the sulphuric acid to give 
gypsum. This is the superphosphate of commerce, which has been 
manufactured since the 1840s and contains between 28 and 32 per cent 
of I he monophosphate and 50 to 60 per cent gypsum. This fertiliser is 
sold in the United Kingdom on a guaranteed content of water-soluble 
P.,05 which is usually between 16 and 18 per cent, corresponding to 
y to 8 per cent water-soluble P. 

Since about 1930 increasing amounts of other phosphate fertilisers 
have been coming on to the market. One of these is a much more 
concentrated monocalcium phosphate fertiliser known as triple super- 
phosphate. It is made by treating the rock phosphate with phosphoric 
acid instead of sulphuric, but this phosphoric acid is usually made by 
treating the rock phosphate with sufficient sulphurfc acid to remove all 
the calcium from the apatite as gypsum. It is not a method for saving 
5siilphuric acid but for obtaining a more concentrated phosphate 
fertiliser, and it contains up to 85 per cent of the monocalcium phos- 
phate or up to 48 per cent water-soluble P2O5. Phosphoric acid, how- 
ever, is increasingly being marketed as a concentrated solution in a few 
areas of the world, or it is also converted to the water-soluble mono- and 
dianimonium phosphates. • 

A I'urther group of phosphates are derived from monocalcium 
phosjffiate based on the water-insoluble dicalcium phosphate which 
will maintain a phosphate concentration of about 10“"^ M in solution, 
flic normal reason for their manufacture is to save sulphuric acid, for 
if rof k phosphate is treated with nitric or hydrochloric acid, the calcium 
nitrate or chloride admixed with the monocalcium phosphate is too 
hygroscopic to Jillow the mixture being used as a fertiliser, and the 
processes used to remove these involve the conversion ol the mono- 
calcium to the dicalcium phosphate.^ 

High-temperature phosphates, all of which are water insoluble, are 
also manufactured to a limited extent. Probably the commonest of 
those is made by fusing rock phosphate with silica, using soda as a flux, 
give a calcium silicophosphatc and calcium silicate, known as silico- 
pho.sphate, sodaphosphate or Rhenania phosphate. Rock phosphate 


I 


’ Jacob and W. L. Hill, Agronomy Monog., 4, 1953* 

M. R. J. Piusjc, Proc. FertiL Soc,, No. 13, I95^ D’l-eny, ibid., No. 24, 195% 
' t. :\if isson, t,, D. Yates at., J. Agrk, Food Qiem.f 1953, i» 1050. 
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is sometimes fused with serpentine or magnesium silicate, and the 
molten slag rapidly quenched to give a glass, which is then ground. 
Other high temperature phosphates are tricalcium phosphate and 
calcium metaphosphate Ca(P03)2, which if pure would contain over 
70 per cent P2O5, or 31 per cent P, and so is one of the most concen- 
trated phosphate fertilisers made. It hydrolyses to orthophosphate in 
the soil. Most of these will maintain a phosphate concentration of 
between io~® and io~^ M in solution.^ 

The commonest high temperature phosphates of commerce are basic 
slags, which are by-products of the steel industry. They have a variety 
of compositions, and correspondingly of agricultural value, but iHc 
most useful again contain calcium silicophosphate and calcium silicates^ 
and the less useful crystalline fluor-apatites. These are liming materials 
as well as phosphate fertilisers, for the calcium silicate hydrolyses readily 
to calcium hydroxide and silica, and the silicophosphate is probably a 
solid solution of very variable composition. 

The relative manurial value of the various phosphate fertilisers is 
thus largely determined by the tightness with which their calcium ions 
are bound, for this determines the solubility of their phosphate ions in 
the soil solution and the rate at which they can enter the soil’s pool of 
labile phosphate. Thus, for comparable soil and plant conditions, these 
relative values can be assessed fairly accurately by determining the 
amount of phosphate brought into solution when the fertiliser is treated 
with a calcium-complexing solution such as neutral or alkaline ammon- 
ium citrate or 2 per cent citric acid. This acid solution is extensively 
used fbr grading basic slags, as only the citric-soluble fraction has any 
worthwhile phosphate-fertilising value. Tests have also been developed 
based on the ability of acid clays and H-saturated cation exchange 
resins to bring phosphates into solution through their power of extracting 
calcium from the fertiliser.^ 

The manurial value of' a water-insoluble phosphate fertiliser is 
therefore dependent on the acidity of the soil in which it is used, for in 
general the more acid the soil the more strongly are calcium ions re- 
moved from the soil solution, so the more soluble becomes the phosphate 
in the fertiliser. Table 109 illustrates this efi'ect of increasing soil 
acidity increasing the relative fertiliser value of different water-in- 
soluble phosphates for swedes and potatoes. 

Dicalcium phosphate, the least insoluble of these fertilisers, is about 
as effective as superphosphate on most soils if finely ground, particularly 
if the dehydrate is used, although if incorporated in granular fertilisers 


^ Quoted from K. D. Jacol^ and VV. L. Hill, Agronomy Monog. 4, 1953, 301. * 

®E, R, Graham, Prcfc. Soil Set, Soc. Amer,, 1955, 10, 26, and G. Barbicr and P. 
Ann. Agron,, 1955, 775. 
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MANURIAL VALUE OF INSOLUBLE PHOSPHATES 

TABLE 109 

The Effect of Soil and Crop on the relative values of Phosphate 

Fertiliser^ 

Field experiments in the United Kingdom 1951-53 

Number of lb. of superphosphate needed to give same response 
as 100 lb. of fertiliser 


Soils 

Swedes 

Potatoes 

Very Acid 
<pH 5-5 

Acid 
pH 5-5- 
6-5 

Neutral 
>pH 6-5 

Very Acid 
<pH 5-5 

Acid 
pH 5-5- 
6-5 

Neutral 
>pH 6-5 

0 . of Expts. 

10 

22 

3 

10 

15 

9 

calcium 







phosphate . 

97 

85 

95 

122 

62 

84 

icophosphate 

90 

84 

52 

92 

56 

30 

afsa rock 







phosphate . 

91 

86 

12 

34 

37 

4 


is definitely less efFcctive on neutral and alkaline soils. ^ The next 
roup, including fertilisers such as calcium metaphosphate, silico- 
hosphate or Rhenania phosphate, and basic slag can be as efiective 
s superphosphate on acid soils — the last two can in fact be more 
ffcctive because of their value as a liming material — but are usually 
mly one half to one third as effective on neutral or calcareous soils, 
vhilst the least soluble, ground rock phosphate, can be quite useful on 
icid soils but of little or no value on neutral.^ 

The manurial value of water-insoluble compared with water-soluble 
Dhosphates, however, depends on the crop grown as well as the soil. 
Some crops, such as lupins, buckwheat, swedes and turnips, have a 
very considerable ability to use insoluble phosphates; a number of 
leguminous crops, such as red and white clovers, lucerne and crotalaria 
Have rather less ability; and many important crops such as the cereals, 
many grasses, and potatoes have apparently relatively little ability.^ 

In part these differences are due to,the phosphate demands of differ- 
crops being different at different stages of their growth, if their 
foal yield is not to be limited by lack of phosphate. Potentially fast- 
?rowing crops usually need a relatively high concentration of phosphate 
the soil solution, or at least in numerous pockets of the soil solution, 


’t rom G. W, Cooke, J. Scu, 1956, 48, 74- ^ ^ ^ r i r* w 

“ W. Cooke, A^irkulturai Value of Phosphate Fertilisersy O.E.E.C., 195^^' ^ ^ 

0. Mattincley and F. V. Widdowson, J. Agric. Sci., 1958. 5®, 253; >959. S3. 40 
American experience, see H. T. Reisers, R, W. Pearson and L. E. k^smingcr, 
hminy Monog.y 4 , 1953, and for British, sec G. W. Cooke, J. AgrK» 1 

f for example, D. N. Prianischnikov, Phosphorsdure, 1 934, 4, and M. Fried, Proc, 
Amer., 1953 , 17 , 357 . 
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if they are to make rapid growth, and the more soluble the phospha 
fertiliser, the better these demands can be met. Other crops may net 
a relatively high phosphate supply when young so they can start c 
growing rapidly from the seedling stage, and this demand is best m 
by placing a water-soluble phosphate close to the seedling. On tl 
other hand the phosphate from Ae less soluble phosphates takes tin 
to enter the soil’s pool of labile phosphate, so that if one compares tl 
phosphate content of a crop manured with a soluble and a less solub 
phosphate fertiliser, the two crops may have the S£une phosphate contei 
at harvest but yet the crop manured with the water-soluble will take u 
a higher proportion of its phosphate in its early growth. Thus the le 
soluble phosphates can be as efficient as the water-soluble for cifoj 
having a larger demand in the latter than in the early part of the 
growth. And this relative inefficiency of the less soluble phosphates ca 
be reduced in some circumstances by applying them to the soil sever 
weeks or even months before the crop is planted.^ 

There is also evidence that the root systems of crops may difl'er i 
their ability to extract phosphate from the less soluble forms. Thus th 
root systems of soifte crops will ramify around particles of these insolubl 
phosphates, so having a larger absorbing area close to the phosphat 
surface, although this does not necessarily ensure that the roots wi 
take up any useful amount of phosphate from the fertiliser.® But th 
roots of some plants can almost certainly increase the rate at which th 
insoluble phosphate is brought into solution,® either because the 
excrete calcium-complexing acids or because they have bacteria i 
theii rhizospheres which can bring this phosphate into solution. The 
oats growing with lupins,® or grass growing with white clover, can tak 
up more phosphate from an insoluble phosphate than if growing alone 
and a cereal following buckwheat manured with an insoluble phosphat 
will take up more phosphate than if the preceding crop was anothe 
cereal. 

THE MOVEMENT OF FERTILISER PHOSPHATE IN THE SOIL 

When a pellet of watcr-solijble phosphate fertiliser, say supci 
phosphate, is buried in the soil, phosphate starts-diffusing out into ih 
soil solution quite quickly, even if the soil is fairly dry, but the dillusio: 
is limited in space because the phosphate ions are quickly removed Iror 
the soil solution.® But the composition of this solution diffusing out r 

^ S* L. Tisdale and E, Winters, Agron. J., 1953, 45, 228. 

* J. R. L<dir and W. E. Brown, Froc, Soil Set. Soc, Amer., 1958, 22, 29. 

® M. Drake and J. E. Steckel, Proc. Soil Sci, Soc. Amer.y 1955, 19, 449* 

* Domontovitch et aL, Trans, Sov, Sect. Int, Soc. Soil Sd., Comm. iV, I933» 

Schander, Bodenk. PflErnahr.y 1941, 20, 129. ' 

®K. Lawton and J. A. Vomocil, Proc. Soil Sci. Soc. Amer., 1954, iS, 26; and 
315, and J. M. Heslop and C. A. Black, Soil Sci., 1954, 7^ 3^9* 



DISSOLUTION OF SUPEUTHOSFHATE IN SOILS 5OI 

,e pellet may differ appreciably from monocalcium phosphate. As 
;ntioned on p. 477, the solution is likely to be very acid, as it contains 
ire phosphate than calcium, and it can have a composition of between 

0 and 4-5 M in phosphorus, about 13 M in calcium and a pB. of i-o 
, 1-5. In acid soils this solution will dissolve aluminium and iron 
5inpounds in the immediate neighbourhood of the pellet, and in one 
ich soil Lindsay and Stephenson* found the solution became 0-7 M 

1 aluminium and 0-2 M in ferric iron. As the solution diffuses away, 

5 pH rises and most of the phosphate is precipitated in the pH range 
3 to 3’0. Some of the precipitate is amorphous, but crystalline 
recipitates of hydrated and dehydrated dicalcium phosphate and 
otassium taranakite® H6K3Al5(P04)8. iSHgO can be determined 
etrographically, as well as an iron aluminium phosphate H8K(Fe.Al)3 
POjIe-SHgO when tlie precipitation begins at the lower end of the 
H range. This is the first piece of evidence that potassium ions are 
mrerned in the precipitation of phosphate ions in soils. 

The movement of this phosphate in a soil can be followed relatively 
isily by incorporating a proportion of P®® atoms in it. Thus D. R. 
luldin and C. A. Black® have shown that although the phosphate may 
le precipitated uniformly throughout a spherical shell of soil surround- 
ig the granule, it is sometimes precipitated either in zones which look 
ikf Liesegang rings, or in a series of sp>ots. 

The American workers* who have studied the dissolution of a tablet 
f superphosphate or triple superphosphate in soils have concluded 
at H spongy framework of dicalcium phosphate, with or without 
alcium sulphate, is left behind in the first instance, though normal field 
sperience with granular superphosphate in England indicates that 
ifier a time the dicalcium phosphate must itself go, as such granules 
lave been found to consist of a calcium sulphate framework only, 
licy also find that in acid and mildly acid soils the dicalcium phos- 
phate is present as the hydrate if the soil is moist, tliough in time it goes 
over to the anhydrous form; but if the soil is fairly dry, or if it is neutral 
or calcareous, the anhydrous is formed almost immediately. 

The consequence of this movement of phosphate from fertiliser par- 
ades into the soil by diffusion is that for a period after the phosphate 
hos been added, there is a great variability in the phosphate potential 
[from point to point in the soil, being much lower near each granule 
in the bulk of the soil. From this point of view the phosphate 
[potential of a fertilised soil can be pictured as a plateau of fairly 


'38. 


j j"*"- ‘''oil Set. Soc. Amer., 1959, 23, is. i8. 

a netmirranhir: T. P. 1 


cioc. Amer,f * 959 > * 3 » 

petrographic description, see J. P. Smith and W. E. Brown, Amer, t 959 > 44 » 
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constant potential with troughs of lower potential around each fertilise 
particle, and it is from these troughs that the plant roots can most easih 
take up their phosphate. This extremely patchy distribution lasts [ 
fairly long time in undisturbed soil — how long is not known — and i 
probably lasts longer around a relatively insoluble phosphate particli 
than around a soluble one of the same size, though it takes longer t( 
build up; and it lasts longer around a fairly large granule of a granulatec 
superphosphate than around a small particle of a powdered super. 

The reason that fertilised soils possess this very uneven distributior 
of phosphate for a relatively long time is the low solubility of the soi 
phosphate. As already mentioned, if 12 inches of water drains thrqugl 
a soil a year, and this water has the same concentration of phosphatf 
as the soil solution, only o-o8 lb. per acre of phosphorus, equivalent t( 
about I lb. of superphosphate, will be moved, if the solution is I0“® ^ 
in phosphate.^ Thus B. B. Roy and B. Thomas ^ found on Tree Fiek 
at Cockle Park, Northumberland, which has been in pasture for a ven 
long time and which had received dressings of phosphate at three-yeai 
intervals for nearly fifty years, that none of the phosphate had movec 
down to more thhn 8 inches from the surface, as can be seen fron 
Table no; and they could account for all the phosphate added by th( 

TABLE 110 

Movement of Phosphate down a Pasture Profile 

Permanent pasture. Tree Field, Cockle Park 
Total P In mgm, per 100 gm. soil 

700 lb. P added by equal additions every third year from 1897 to 1945 


Depth of soil 
layer in inches 

0-2 

2-4 

4-6 

6-8 

8-11 

No phosphate 

44 

39 


■■ 

■■ 

Basic Slag 

96 

66 




Superphospate 

100 

65 


40 

H 


extra phosphate found in the top soil and that removed by the grazing 
animals. One naturally cannot say how much of^his phosphate movec 
down in the soil solution and how much was transported through the 
plant roots or earthworms. Thus if one wants to move phosphate intc 
a subsoil, for example, it is almost essential either to plough it in or tc 
place a distributor behind a deep cultivator or subsoil tine, unless vet) 

^ For the losses from a Versailles soil, sec E. M. Bastisse and S. Hcnin, Ann. Agron., i955 

* Emp. J. Exp. Agric., 1951, 19, 175. For a laier sampling, see B. Roscoe, 
i960, 12, 71. For another example, sec P. C. Sandal and C. L. Garcy, Agron* J-> 

47» 229. 
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leavy dressings are used/ or the soils are very sandy and low in 
icsquioxides. 

This very slow movement of phosphate through a soil profile is 
reasonably well proven for well drained soils. But for soils which are 
ieasonally water-logged, phosphate may move much more easily down 
the profile,® possibly being carried by ferrous ions. 

rllK UPTAKE OF FERTILISER PHOSPHATE BY CROPS 

In general if one adds a phosphate fertiliser to a soil, even if the crop 
responds well to it, the additional phosphate the crop has taken up is 
usually about 5-10 per cent of the phosphate added, and it is often less, 
though on phosphate-poor soils using a phosphate-demanding crop 
such as swedes, average recoveries of about 20 per cent for dressings of 
O'! 4 cwt. per acre of P and of about 15 per cent for dressings of 
o oti cwt. have been obtained in a number of Scottish experiments.® 

Table in gives an example, using swedes for phosphate-deficient 
English soils.* Higher recoveries can, however, be found. Thus if a 
moderate dressing of phosphate is suitably placed relative to the seed 
of swedes on a phosphate poor soil, the additional ^ohosphate taken up 

TABLE III 

Uptake of Added Phosphate by Swedes on Phosphate-deficient Soils 

Mean of 27 experiments, 1942 
Phosphorus added as superphosphate 


Increase in 

P added in Yield of yield due 

fertiliser, roots in to each 

cwt. per acreltons per acre| increment of 
phosphate 

0 61 

0-22 15-4 9-3 

0-44 17-2 


Uptake of P from each 


. per acre 

in cwt. 

as per cent 


per acre 

of P added 

0 025 

0060 

0-035 

16 

0-080 

0-020 

9 


by the much better crop, may equal* 50 per cent of the fertiliser applied* 
But it is not legitimate in these examples to argue that all the additional 
phosphate came from the fertiliser, much has certainly come from the 
soil due to the much more vigorous root system of the manured crop. 

' Sf'c, for example, R. E. Stephenson and M. D. Chapman, jf. Amer, Soc, Agron.^ *93* j ^3* 

750* 

K. Olentworth and H. G. Dion, J. Soil Sci., 1949, i, 35: A. J. M^regor, J. SoU Sci., 
S«3, and G. W. Cooke andj. K. R Gasser, J. Soil Sri., 1953. 24»- 

’ M. Smith and K. Simpson, J. ScL Food Af^ric,^ 1950, i, 208; 1956, 7, 754. 

1 diu indebted to Drs. Crowther and Cooke for this table. 
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However, an example from Kericho, Kenya, of the effect of super 
phosphate on the response of elephant grass {Penniseium purpureum 
to superphosphate shows a recovery as high as 67 per cent, most 0 
which must have come from the fertiliser. ^ The grass was given th( 
equivalent of 13 lb. per acre of phosphorus four years running, cigh 
cuts of the grass were taken, and the total yield of dry matter wa 
increased from 11*2 to 21-8 tons, and the uptake of phosphorus iron 
26*4 to 61-5 lb per acre. 

The use of techniques based on incorporating P®® in phosphat( 
fertilisers has led to a clearer understanding of the relative value oi tlu 
added fertiliser phosphate compared to the soil phosphate as the soufri 
of the phosphate taken up by the crop.® Thus it can be shown that thi 
young plant will take up nearly all its phosphate from a band of solubh 
fertiliser suitably placed with respect to the seed, and that crops vvil 
take up nearly all their phosphate from the fertiliser if a heavy dressing 0 
a water-soluble fertiliser is used.® Correspondingly, if a fertiliser contain 
ing a mixture of water-soluble and water-insoluble phosphates is used 
the crop will take up a higher proportion of phosphate from the solubL 
than from the insdiuble, and the presence of the soluble phosphati 
depresses the uptake of phosphate from the insoluble, if it had beci 
used by itself.* These results in fact show that the plant roots tend ti 
take up their phosphate from these volumes of the soil where th' 
phosphate potential is low; and the lower the potential in these spots 
and the more of them there are, the less phosphate in proportion wl 
be taken up from the high potential volumes. 

The conditions which control the uptake by a crop of phosphate fron 
a moderate dressing of a water-soluble phosphate fertiliser added to 1 
soil can now be understood. Low uptake can be a consequence 0 
adding the fertiliser to a soil of high phosphate status, the most usua 
cause in well farmed land, or of a poor crop whose growth is limited b; 
some factor other than the phosphate supply, or of an inefficient metho( 
of applying the phosphate so the roots of the crop cannot take it u] 
when they require it because it is distributed through too large : 
volume of soil, and finally because the dressings usually given suppl 
far more phosphate than even a good crop can take up. 

There has been much discussion on whether liming an acid soi 
affects the availability of soil phosphates to a crop. One would expec 
liming a soil, by raising its pH to reduce the availability of the calciur 
phosphates, but the data, such as exist, suggest that liming most soil 


^ R. Child, N. A. Goodchild and J. R. Todd, Emp. J. Exp, Agric,^ 1955, 23, 220. 
•S. Larsen, Plant and Smlf 1952, 4, i, and O. Gunnersson and L. Fredrikson, 
Document^ 1952, No. 42; M. Fried, Proc. Soil Scu Soc. Amer,y 1953, 17, 357. " 

* For example, sec J, Mitchell, J, Soil Sci,, 1957, 8, 73. 

*J. T. Murdock and W. A, Seay, Proc, Soil Sci, Soc, Amcr,, 1955, 19, 199. 
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s little effect on the phosphate potential though it puts down the 
Dcentration of phosphate in the soil solution (see Fig. 44, p. 484). 

;t the experimental evidence is often that liming docs in fact increase 
c |)hosphate uptake by a crop and reduce its response to a phosphate 
liliscr, just as if it were a phosphate fertiliser in itself. 

The full explanations of the experimental results on the effect of 
fic on phosphate uptake from acid soils are not known. Part of the 
ec t is often that liming the soil encourages the crop to make better 
ot growth, so it can tap a larger volume of soil for phosphates; part 
;iy sometimes be due to the consequent increase in the rate of de- 
mposition of organic matter in the soil, resulting in a greater liberation 
pliosphate; and part may also be due to a consequent decrease in the 
ini cntration of iron or aluminium ions or complex ions in the soil 
liition which may be interfering with the translocation of phosphate 
3111 root to tops (see p. 490). But there is probably still no incon- 
ovcrtible direct field evidence that liming really increases the 
ailability of the soil phosphates. 

Uptake of phosphates from fertiliser also seems to be encouraged if 
iiinonium ions are intimately associated with the fihosphate, such as 
an ammonium phosphate is used.* This effect may only be noticeable 
hen the crop is young, and it may explain the very satisfactory results 
lany farmers have had when they have combine-drilled ammonium 
bosphate with the seed. 

HK RESIDUAL EFFECTS OF PHOSPHATIC FERTILISERS 
For reasons which have just been given, a crop usually only takhs up 
small fraction of the phosphate added as fertiliser to the soil, and in 
[wny examples the uptake is less in the succeeding year, and by the 
bird or fourth year has become too small to determine by field experi- 
nent. Often only 20 to 30 per cent of the added phosphate has been 
emoved by this time, on the assumption tliat all the extra phosphate 
aken up from the fertilised soil came from the fertiliser. This is 
ustrated in Table 112, using the results of seven English grassland 
>ay experiments made bctw'cen 193^ and 1935.* 

The old explanation of this type of result was that the phosphate 
fertiliser added to the soil slowly reverted to unavailable forms, or was 
fixed by the soil in such forms, and the phenomenon was known as 
pliosjihate reversion or fixation. However, if a water-soluble phosphate 
h added to a soil, it is very rapidly converted to an insoluble form, and 

„ ' R- A. Olson and A. F. Dreier, Pm. Sail Set. Sac. Amer., 1956, 20, 509; D. A. Rennie and 
Soper, J. Soil Sci., 1958, 9, 155. For a review, see D. L. Gruncs, Adv, Agron^f 1959, 

II, 3()q. • 

taken from E. J. Russell, Min, Agric, Bull, 28, 3rd ed., I 939 > Basic 

Krports to Min, Agric,, 1933 and 1934. 
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TABLE 112 

Uptake of Phosphate by Hay and Grass in Successive Years after 
Phosphate Manuring 

Per cent of added P recovered In Hay or Mowings 
0*44 cwt. P per acre added as superphosphate 





-- — .. 

Year 

2 neutral soiis^ 

3 acid soils^ 

2 soils, 
grass mown' 

Application .... 

11 

8-3 

137 

1 year after .... 

57 

5-0 

9.4 

2 years after .... 

1-8 

3*3 

5-8 

3 years after . . . . 

1*5 

2-3 

21 

Total recovery .... 

167 

18-9 

31-0 ~ 


this phenomenon is also spoken of as phosphate fixation; but there 
no necessity for this phosphate to lose its fertilising value just bccaus 
it has lost its solubility, and much confusion has been caused by the* 
two different uses of the phrase “phosphate fixation*’. 

There is now a much wider appreciation of the confusion in ihougl 
that this double use of the phrase “phosphate fixation” has caiisec 
Current farming experience in countries using large amounts c 
phosphate fertilisers is that it is becoming increasingly difficult to fin 
soils on well managed farms on which one can obtain responsos t 
phosphate fertiliser, other than to the use of starter doses ol' a watci 
soluble phosphate to some very phosphate-demanding crops. Thus i 
Australia, wheat soils which used to be very phosphate-responsive ha\ 
ceased to be when 15 to 20 cwt. per acre of superphosphate, say abou 
150 lb. per acre of P, have been applied since the land was first opcne< 
up.^ Again land which received very heavy dressings of phosphate, ii 
the form of dung or household waste, two or more millennia ago, stii 
have a higher level of plant available phosphate than on land imrnedi 
ately adjacent which did not receive such dressings.^ 

Our general understanding of tfie conditions under which phosphat 
fertilisers are likely to have a well-marked residual effect has bee; 
helped by the concept of a pool of labile phosphate at a definite thcrnic 
dynamic potential. If enough phosphate is added to lower this potcntia 
appreciably when it has become incorporated with the soil, the fertilise 

^ Braintree, and Badminton, Glos. 

“ Northallerton, Chesterfield and Lydbury, Salop. 

•Darlington Hall,Totnes (acid) and Much Hadham, Herts (neutral). , o 

*A. J. Anderson and K. D. McLachlan, AusL J. Agric, Res,, 1951, 2, 377 > 
and C. H. Williams, ibid., 1953, 4, 1927, and C. H. Williams, J. Agric, ScL, i9rA 4 > 

• For an example, sec K. D. M. Daunccy, Advanc. Sci,, 1952, 9, 33. 
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have a long continued residual effect for, as will be demonstrated 
below, the phosphate potential will rapidly settle down to a reasonably 
constant value, except in so far as phosphate is removed from the pool 
by cropping. Thus a heavy dressing of fertiliser will have a more 
marked residual effect than a light, as it will reduce the phosphate 
potential more. But if the phosphate potential in the soil is already 
low, an added phosphate fertiliser will lose most of its fertilising effect 
IS soon as its phosphate has equilibrated with the phosphate pool, for 
this addition will have little effect on its potential. Correspondingly 
all phosphate fertilisers in which the phosphate can migrate from the 
fertiliser to the pool will have the same residual effect at equivalent 
dressings of phosphate. 

Two groups of experiments at Rothamsted are available for dem- 
onstrating in detail the application of this principle to farming practice. 
The first experiment — the Hoosfield Exhaustion Plots — is on a slightly 
calcareous clay loam. Some plots received forty-five annual dressings 
of 3 cwt. per acre of superphosphate between 1856 and 1901, and some 
twenty-six annual dressings of 14 tons per acre of farmyard manure 
between 1875 and 1901, and since then the plots have received nothing 
but some nitrogen fertilisers from time to time. Yet in the five years 
1949-53, barley took up an extra 4*4 lb. per acre P per year from the 
phosphate plots and 5-3 lb. per acre from the manured plots compared 
with the plots which had received no phosphate as can be seen from 
Table 113. The phosphate plots received about 1,000 lb. per acre P 
between 1856 and 1901, and they now contain about 360 lb. per acre P 

* 

TABLE 113 

Meon Yield and Composition of Barley on Hoosfield Exhaustion Plots 

(1949-53) 

Treatment 1856-1901 


Grain 

Straw 


P , 
K. 



* PK 1856-75. P 187G-1901. 


* 1876-1901. 
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more than the unmanured, so 65 per cent of the phosphate that waj 
added to the land before 1901 has now been taken up by crops, anc 
barley is still taking up about 1*2 per cent of the residual fertilise] 
phosphate each year.^ 

These plots, together with some other Rothamsted plots, afford souk 
fairly definite evidence on the form of the residual fertiliser phosphate 
in the soil. G. E. G. Mattingly^ has shown that on the neighbouring 
Permanent Barley plots on Hoosfield and Permanent Wheat Plots or 
Broadbalk which have been receiving annual dressings of super- 
phosphates for a very long period of years, that between 35 and 45 per 
cent of the total fertiliser phosphate remaining in the soil contributes 
to the A value of the soil phosphate. In the Hoosfield Exhaustion Plots, 
those which received phosphates till 1901 contained in 1956 20 mgna, 
more phosphorus per 100 gm. soil than the unmanured, and they had 
an A value 7 mgm. higher, showing that after fifty-five years’ cropping 
without any phosphate fertiliser, 35 per cent of the phosphate in the soil 
derived from the fertiliser still contributed to the A value. This can 
only mean that as a crop removes phosphate from the pool of labile 
phosphate, a propoVtion of the added phosphate which was converted 
into a non-labile form goes over into the labile form to maintain ihc 
proportion in the pool, even when two-thirds of the added phosphate 
has been removed by crops. 

The second Rothamsted experiment — the Four Course — is on an ad- 
jacent area of Hoosfield, and the treatments are closer to normal farming 
practice. In this experiment 6 cwt. per acre of superphosphate is added 
once ©very five years to some plots which are cropped to a 4-coursc 
rotation, and other plots receive rock phosphate, which is now 
known to have virtually no effect, and so can be used as controls. 
Table 114 illustrates some of the results of this experiment for the 
twenty-one years ending in 1954.® It shows clearly that potatoes, 
barley and ryegrass respond best to fresh phosphate, and the response 
to phosphate added any time in the previous four years is almost con- 
stant, so there is no evidence for any appreciable slow reversion. 
Although in this experiment phosphate uptakes have not been deter- 
mined nor has the response curve, V^t G. E. G. Mattingley and F. V. 
Widdowson^ were able to show, using a radio-phosphate technique, 
that if one compares fresh with residual superphosphate on this soil, 
and harvests the crop at six weeks from sowing, when it is still young, the 

^ R. G. Warren, Proc, FertiL Soc.^ 37, 1956. 

® Rothamsted RepL 1957, 61, and J, Agrk. Sci,, 1957, 49, x6o. For other example* see S. K. 
Olsen, F. S. Watanabe et al.. Soil ScL, 1954, 78, 141, G. Barbicr, C. Lwaint and 
Tyszkiewicz, Ann, Agron., 1954, 923, and W. W. Moschler, R. D. Krebs et aL, Proc, Soil oct. 
Soe, Amer,, 19^7, ax, 293. * 

* Rothamsted Exp. Sta. Am, Rept,^ 1954, X54- 

* Trans. 6 th Jnt. Congr, Soil Sci, (Paris), 1956 B, 461. 
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TABLE 114 


Residual Effect of Superphosphate on Hoosfield (21 seasons) 



Response in 
year of 

Response to phosphate added years 
previously 


application 

1 

2 

3 

4 

Potatoes In tons 
per acre 
low nitrogen . 

2-3 

1-2 

1-3 

1-2 

1-0 

high nitrogen . 

2-9 

l•9 

17 

1-5 

1-5 

Barley grain 
cwt. per acre . 

31 

1-3 

1-9 

1-9 

1-3 

Ryegrass hay 
dry matter cwt. 
per acre 

26 

2-4 

1-9 

I'l 

l-l 

Wheat grain 
cwt. per acre . 

0-4 

- 0-5 

01 

-0-2 

0-3 


icsiclual phosphate has only one quarter the value” of fresli; but if one 
harvests the crop when it is older it has a value of one half of the fresh, 
as measured by phosphate uptake. 

The conclusions drawn from these two Rothamsted experiments are 
valid for a wide range of soils, for they are concordant with the results 
of almost every well designed experiment made anywhere in the world. 
Table 115 illustrates this result from one of the few published suitable 
experiments which have been made in the Tropics, and shows tlhat in 

TABLE 115 

Residual Response of Crops to Phosphate at Kano (N. Nigeria) 

220 Ib. per acre superphosphate (about 15 lb. per acre P) given in 1937 
Yields In lb. per acre 



No Phosphate t 

Superphosphate 
given in 1937 

Response^ 

IW millet 
(manured) . 

381 

803 

422 

1538 sorghum 

617 

781 

164 

1539 groundnuts . 

785 

973 

188 

1540 millet . 

363 

449 

86 

1541 sorghum 

356 

459 

103 


^ All responses significant at i per cent level. 
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general these conclusions are as valid there as in the temperate 
regions* 

There are, however, a few examples of soils in which even massive 
dressings of phosphate rapidly lose availability. Thus E. G. Williams^ 
found on two Aberdeenshire soils, one derived from a basic igneous and 
the other from a granitic till, that the fertilising effect for turnips of a 
dressing of 25 cwt. per acre of superphosphates applied to the previous 
crop was about equivalent to 6 cwt. applied to the turnips, and that in 
the following year the residues from the two dressings of superphosphate 
was about proportional to the total amount of phosphate added in the 
two preceding years, yet in the third and subsequent years the manorial 
effect had effectively disappeared. The reasons for the difference \in 
behaviour between these soils and most other soils are not known. 

There can be no appreciable difference between the residual effecrs 
of fertilisers when the phosphate they contain has entered the soil’r 
phosphate pool; and this is concordant with the general conclusion 
reached from a study of the published experiments. But a word of 
caution is needed here, because in many experiments in which the 
residual effects of superphosphate and ground rock phosphate have been 
compared, about two to three times as much phosphate has been added 
as rock than as superphosphate, for the additions were made at about 
equal cost per acre and not at equal phosphate per acre. In a number of 
these experiments the residual effect of the rock phosphate has been 
appreciably higher than that of superphosphates, but these experi- 
ments can unfortunately give no information about what the residual 
effects* would have been if they had been used at equal phosphate 
per acre. 

The residual manurial effects of ground rock phosphate can appear 
to be complicated due to the phosphate taking more than a year to 
enter the phosphate pool. Thus crops may respond better in the second 
or third year than in the year of application- and G. A. Cowic^ has 
given an example of it taking even longer. He examined the results of 
a long term 6-course experiment in Aberdeenshire and showed that 
potatoes, barley and oats hardly responded to the rock phosphate in 
the first ten years of the experimerit, but in the second ten years they 
showed a response equivalent to that obtained from half the dressing 
of phosphate, as superphosphate. 

There is one other process which may make a phosphate fertiliser 
change to a relatively unavailable form, but which nevertheless will 
let it have a slow long-lasting effect. If a soil low in organic matter and 

^.7. Sd. Food Agric.^ i 9 rA 244. * 

“ For an example, see G. H. A. Edwards, Proc, 6 lh IrU. Congr, Soil Sci. (Paris), 193^^ 

" J. Agrk, Scu, 1945, 35, 197. 
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, phosphate is put down to grass for a period of years and is manured 
ith a phosphate fertiliser, the organic matter content of the soil may 
se very considerably and fairly rapidly, and this organic matter will 
e locking up phosphate, which in these conditions has been derived 
om the fertiliser. Thus in New South Wales, G. M, Donald and C. H. 
i'illiams^ found that adding superphosphate to a subterranean clover 
jisture, about one half of the added phosphate was converted into 
rganic phosphate with a consequent increase of about 76 lb. of soil 
rganic nitrogen per 100 lb. of superphosphate added; and in these 
samples the ratio of C : N : S : P remained at 1 55 ; i o : i -4 : 07, the same 
in the soil of the unimproved pastures. 


Responsiveness of Crops to Phosphate Fertilisers 

Tlirec separate types of relation between crop and phosphate fertiliser 
an be recognised: 

(1) The sensitiveness of a crop to phosphate shortage. Crops such as 
ivcdes, potatoes and barley have their yields very seriously reduced by 
shortage of phosphate when growing in soils in which wheat and oats 
iiay make fair growth and some grasses good growth. This can be seen 
n part from Table 114. It is also probable that sorghum is more 
fusitivc to low phosphate in a soil than is maize.® 

2 1 The responsiveness of a crop to added phosphate. On the whole 
his is the same property as the first, for crops which are sensitive to 
)ho4)hate shortage respond best to a dressing of phosphate. But it 
ndudos in addition the ability to continue to respond to phosphate as 
•he fertiliser dressing is increased. Thus maize will respond to a 
:()nsidcrably higher dressing of phosphate than will groundnuts.® 

(3; The ability to use phosphate from relatively insoluble phosphate 
Vrliliscrs. Crops such as swedes, turnips and mustard amongst the 
brasdea crops; lupins, lucerne and sweet clover amongst the legumi- 
nous; and buckwheat all can use phosphate from relatively insoluble 
forms such as ground North African rock phosphate much more easily 
than can crops such as potatoes, the cereals and cotton. 


‘1"''. ,7. At;ric. Res., 1954, j, G64, and 1957, 8, 179. For an example from New Zealand, 
' tt- 1 1, Jackman, Soil Sa., 1955, 79, 207. 

^1* H. Nyc, Emp. J. Exp. Agric., 1954, 22, loi, and L. R. Doughty, E. Afr. Agrk. j., 



CHAPTER XXVII 


THE SOURCES OF PLANT NUTRIENTS IN 
THE SOIL 

II. NUTRIENTS OTHER THAN PHOSPHORUS 
The Potassium Compounds 

The primary sources of potassium in the soil are the potassium- 
bearing minerals. The potash micas, biotite and muscovite, yield up 
their potassium fairly readily,^ particularly if finely ground; and some 
biotit^ can do this so easily that they have been used as potussic 
fertilisers in Norway.* The potash felspar orthoclase does not weatlicr 
so easily as the two micas, whilst microcline is very resistant to weather- 
ing and releases ite potassium very slowly. Clay minerals, particularly 
those derived from micas, also contain some potassium, which may be 
released slowly by weathering. -A second source of potassium is the 
exchangeable potassium, and a third source is the exchangeable potas- 
sium that has been converted into a non-exchangeable form, as 
described on p. 1 13. This is converted back slowly into the exchange- 
able form when the level of exchangeable potassium in the soil beromes 
veryiow. 

The primary source of potassium for plants is the exchangeable 
potassium,* and its level in the soil is an important factor in determining 
the responsiveness of a crop to a potassic fertiliser. This is illustrated 
in Table 116, which shows the response of sugar-beet to potassic 
fertilisers in a large number of English experiments.* Exchangeable 
potassium is quite obviously an important, though not the only, factor 
affecting the responsiveness of the crop to the potassic fertiliser. 

Plants remove more potassiurp from the soil during the growing 
season than corresponds to the reduction in the exchangeable potassium 
content, but the amount of non-exchangeable potassium they use from 
a given soil depends to some extent on the crop. These non-exchange- 
able sources may be as important when the exchangeable potassium 

‘ I. A. Dennison, W. H. Fry and P. L. Gile, U.S. Dept. Agrk., Tech. Bull. 128, I92y- 

* P. Solbcrg, Meld. Nttrg. LandbrHogsk., 1928, 8. .. c,. 

* R. Stewart, J, Agric, ScL^ I92<), 19, 524 (for some Scottish soils); R. H. Brav, > * 
^944» 5B, 305 (for some Illinois soils). 

* E. M, Crowthcr, Bath and West Agrk. *SW,, Pamph. 13, 1948, 
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TABLE 116 

Mean Response of Sugar-beet to Potassic Fertiliser on Soils with 
Different Contents of Exchangeable Potassium 

English sugar-beet experiments made during 1936-46 

Potassic fertiliser— 1 cwt. K per acre (as 2 cwt. potassium chloride) 

Exchangeable potassium determined by 0-5 N acetic acid 

Response to potassic fertiliser measured in presence of 4 cwt. per acre 
ammonium sulphate 


Acetic acid soluble 
potassium in mgm. 
per 100 gm. soil 

Number of 
fields 

Response of sugar-beet to 
potassic fertiliser. Extra 
sugar in cwt. per acre 

Below 5 . 

63 

47 

5-6*5 

61 

4.4 

6*5-9 

62 

2-0 

Over 10 . 

62 

0-8 


is high as when it is low, as is shown in Table 117.], Soils differ, how- 
c\n\ very considerably in the rate at which they release their non- 
rx( hangeable potassium. The rate of release is naturally more important 
in soils with small amounts of exchangeable potassium. ^ Soils under- 
going rapid weathering, as, for example, young soils being derived 
from basic igneous rocks in humid tropical climates, release very large 


TABLE 117 


Uptake of Exchangeable and Non-exchangeable Potassium from some 

Texas Soils 


5 kg. soil In large container, crop of maize and of kafir or sorghum taken 


Quantities of K in parts per million of soil 


Number 
of soils 
tested 

Amount of K 
removed by crop 

Loss of 

exchangeable K 

from soil 

• 

Exchangeable K 
in soil 

before cropping 

Non-exchangeable 
K released 
by soils 


between 

mean 

mean 

mean 

mean 

ii 

0and4i 

35 

17 

too 

18 

20 

42 and 83 

66 

25 

no 

41 

31 

81 and 165 

120 

50 

167 

70 

7 

415 and 580 

490 

216 

504 

274 


(1 


^ t raps, Texas Expt. Sta., Bull- 391, 1929- also for similar results R. F, 

. Amer. Sac. As^ron,, 1945, 37, 7^)9, using Ladino white clover. 

; \< . Hoagland and J. C, Martin, Soil Sci.. 1933 * 3^, i ; F- F. Bear et al., ibid., 1944, 58, 

' 1 • H. Stewart and N. J. Volk, Soil Sci., 1946, 61, 125. 
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amounts of potassium in an available form annually. Thus, H. W. van 
der Marel^ finds that sisal can take up 250 kg. per hectare of potassium 
from soils rich in biotite in Sumatra, and sugar cane up to 200 kg. from 
soils rich in andesine in Java, apparently indefinitely without the soil 
becoming impoverished in potassium; and as an extreme example 
A. S. Ayres and his co-workers * in Havsraii grew sixteen crops of elephant 
grass {Pennisetum purpureum) in fi>ur and a half years, and found each 
removed about 250 lb. of potassium per acre without appreciably 
affecting the content of exchangeable potassium in the top 3 feet of soil. 

The discussion so far has assumed that soil minerals release potassium 
into the soil and the plant roots then take it up. But this over-si mphfies 
the problem: plant roots can take an active part in helping minerals to 
release potassium. Very little work has been done on this aspect of the 



Fig. 46, Recovery of added potassium by a succession of barley and tomato crops grown m 

different soils. . 

For soils 30, 36 and 37, crops i, 2, 4, 7 and 9 were barley, while crops 3, 5 ; 4 

were tomato; for soils 29, 78, 80 and 90, crops, i, 3, 5 and 7 were barley, 
and 6 were tomato. (Recovery calculated on basis of comparison between Nr an 

fertilised soils.) 


1 Soil ScL, 1947, 64, 445. 


* Proc , Soil Sci . Soc . Amer.y i947> *75- 
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problem, though C. G. Lews and W. C. Eisenenmgeri have recently 
ighown that different families of plants have very different abilities to 
extract potassium from an orthoclase felspar. 

Some soils possess .considerable power of converting added potassium 
into forms unavailable to the plant, as is shown in Fig. 46, for some 
Californian soils.® The reason why soils 29 and 80 in this figure fixed so 
much more potassium than the other soils was not investigated and is 
not known. 


The Calcium Compounds 
These fall into four groups: 


1. Calcium present in the mineral particles. These calcium- 
containing minerals are nearly all primary, such as basic plagioclases 
rich in anorthite, epidote, and some constituents of basic rocks such as 
gabbros, basalts and diabases. They all weather fairly readily, particu- 
larly if finely ground, yielding up their calcium. 

2. Calcium carbonate, normally the most important source of 
calcium in soils. 

3. Simple salts, (a) Calcium ions are usually the dominant cation 
jn the soil solution: they cannot be considered as attached to any 
! particular anion, though the two main anions they balance are nitrate 

and bicarbonate, (b) Calcium phosphate, mainly in the form of 
apatites, but this is usually only present in small quantities, (c) Calcium 
! sulphate as gypsum, usually only important in arid soils though it 
occurs in considerable quantities in the lower layers of some English 
clays, such as the Kimmeridge. 

4. Exchangeable calcium. 


Calcium differs from phosphorus and potassium in that the calcium 
I of simple compounds added to a soil remains available to plants until 
, it is removed from the soil either by leaching or by being taken up by 
> the plant. Perhaps the only mechanism whereby calcium can become 
fixed in the soil is in combination with phosphate in mildly acid to 
alkaline soils. * 

T he exchangeable calcium in a soil is not all equally easily available 
to the plant. Calcium saturated montmorillonitic clays yield up their 
! calcium with increasing difficulty as they become progressively un- 
I saturated, but this property is displayed less strongly in clays of the 
illite type and still less by the kaolinitic clays or soil organic matter.® 


1948, 65, 405. 

■' Vv’ *u and J. C. Martin, Trans. 3rd InL Cortgr. Soil &i., C^ord, 1935, *> 99- 

6t, 30y^' ^ *»•, 1945, S 9 > *07; A. Mehlich and W. E. Colwell, ibid., 1940, 
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The Manganese Compounds 

Manganese occurs in many primary rocks, particularly in ferro. 
magnesian rocks rich in iron. It also occurs in many soils as MnO.^^ 
often in a hydrated form, and possibly also as trivalent manganese, 
though where this is held is not known. Soils also contain divalent 
manganese, present as an exchangeable cation. 

The mechanisms by which soils supply an adequate quantity of 
manganese to plants are still far from elucidated. Plants can certainly 
use divalent and almost certainly cannot use letravalent manganese, 
though whether they can use trivalent manganese, and if so, whojiher 
they take up any appreciable proportion of their manganese in this 
form is quite unknown. In practice, the problem is to maintain a 
reasonable, but not excessive, concentration of divalent manganese in 
the soil. 

The factors controlling the proportion of soil manganese in the 
divalent form appear to be bound up with the form of the organic 
matter present and the microbiological conditions prevailing. Three 
processes seem to be important in this connection: 

1. Hydrated manganese dioxide is reduced to divalent manganese 
by bacteria in the presence of a suitable hydrogen donator and carrier, 
as, for example, sugars and acetates with pyocyanine as carrier.’ Thus, 
water-logging a soil and then draining it, a condition that often arises 
in countries with cool, moist winters, increases the amount of divalent 
mar\ganese in the soil.^ It can be reduced in the field by adding 
hydroquinone or creatinine,^ and this reduction can take place without 
the aid of micro-organisms,* In fact, phenol in acid soils, polyhydric 
phenols and sulphydryl compounds, such as cysteine in acid or alkaline 
soils, and hydroxy-acids, such as citric,^ can all bring about reduction 
of the hydrated dioxide to manganous ions. 

2. Divalent manganese is oxidised by certain soil bacteria to hydrald 
manganese dioxide,® and this oxidation can be much reduced by ( crtain 
inhibitors, such as sodium azide or chlorctone.* V, B. D. Skcrnian an 
S. M. Bromfield’ have made the interesting observation that singe 
species of bacteria, in pure culture, cannot bring about this oxi a 
tion; it was necessary to use pairs of suitable species. These bacteria 


^ G. D. Sherman and P. M. Harmcr, Proc. Soil Sci. Soc. Amfr., I943> 39®- 

2G. W. I^cpcr, 6oi/.S'd,, 1947, 63, 79. ^ ^ ^ p Vf Ilarmen 

*F. Steenbjerg, TMr. Planteavlf 1934, 46, 337; G. D. Sherman and r. * 

J. Amer. Soc. Agron.^ 33» 

*P. J. G. Mann and J. H. Quastel, Nature^ 1946, 158, 154. 

* P. J. G. Mann and S. G. Heintzr, J. Afic. ScL, 1947, 37, 23* , •> ^ncl R.J- 

* F. C. Gcrrct8<*n, Verslag. Landhouwk. Onaerzoek., 1936» 42 A, 57; G. VV * Leep 
Swaby, Soil Sci., 1940, 49, 163; J. D. MacLachian, Sci, Agric., I94G 

’ 1949, 163, 575. 
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11'’ regate round the roots of some plants, and thus prevent them taking 
' manganese. This trouble can often be cured by partial sterilisation, 
^icli seems to reduce the activity of these bacteria markedly. 
o Certain types .of readily soluble soil organic matter can absorb 
ivalcnt manganese and other metallic ions such as iron and copper, 
irming insoluble co-ordination compounds. This manganese is not 
xchangeable nor available to the plant, though it can be extracted 
ioUi bv neutral pyrophosphate and by some hydroxy-acids capable of 
inning co-ordination compounds with these metals. * 

C K. Fujimoto and G. D. Sherman have found that two other 
u iors influence the level of exchangeable divalent manganese in the 
oil Steam sterilisation can sometimes increase its level considerably, 
noiwh in fact for crop growth to be limited by manganese toxicity,* 
nd a surface mulch can reduce it * but the reason for neither of these 

' XliTnet effect of these processes is that acid mineral soils are usually 
veil supplied, and sometimes over supplied with divalent manganese; 
hat calcareous soils are usually very low in divalent manganese; that 
nany organic soils, in spite of containing considerable quantities of 
otal manganese, are very poor suppliers of manganese to the crop; and 
hat crops suffering from manganese deficiency diseases on either of 
best- types of soil need far less manganese to be given them if it is 
prayed on their foliage than if it is applied to the soil. It is possible, 
lowcver, that adding sufficient sulphur to an organic soil to bring its 
)H below 7 may be as effective as adding manganese.’’ . 


The Sulphur Compounds 


Sulphur normally occurs in primary rocks as sulphides, and tends 
to be higher in basic than in acid igneous rocks. These sulphides oxidise 
fairly readily in well-aerated soils, so that sulphate is the nonnal form 
of the inorganic sulphur in well-drained soils. Rain also brings own 
small amounts of sulphur as sulphur dioxide, but this is only apprecia e 
in the neighbourhood of industrial towns. The main source of new 
sulphates in most soils is in the superphosphate added, for ordinary 

superphosphate contains about 60 per cent of calcium sulphate. 

The main reservoir of available sulphur in most agricultura soi s is, 
however, in the organic matter, for plants take up sulphates rom e 
soil and use them in the synthesis of the amino acids cystine and 


^ M. I. Timonin, Proc, Soil Sci, Soc. Amer,, i 947 > Ann ioaS k 201. 

I. M. Bremner tt at., Natan, 1946, 158. 790; S. iJiI? 11 toB? 

J Am!>r. Soc. Agron., 1048, 40,^7. * H O^stel 

,1 P'V' and P. M. Harmer, J. Amer. Soc. Agron., 194*, 33 * > J‘ 

, 7 . Agrk.Sci., 1948, 3 *. 3 « 5 . 
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cysteine, which form a part of many plant proteins. When the plam 
residues are returned to the soil and attacked by the soil fauna anc 
micro-organisms, some of the sulphur reappears as sulphate, thougl 
much remains as part of the soil humus. The sulphur chemistry durinj 
humus formation is quite unknown; but, as was discussed on p. 281 
the sulphur contents of some Minnesota soils range from abou 
one-hundredth of the carbon content in the prairie soils to between j 
half and a quarter of this proportion in the podzolic soils. ^ 

Little is known about the processes by which organic sulphur i; 
converted into sulphates in well-drained soils and into sulphides ij 
anaerobic conditions set in, for these are the only two simple sulphui 
compounds present. The first product is probably hydrogen sulpliide 
or possibly a mercaptan, ^ which can be produced by many micro 
organisms from sulphur-containing proteins, and this is then oxidiscc 
to sulphates if the oxygen supply is adequate. Probably also man) 
organisms can reduce sulphates to sulphides whenever the oxyger 
supply in the soil becomes too restricted. 

There is another reaction of great importance in some arid soils, 
namely, the oxidation of elementary sulphur to sulphates, for adding 
sulphur to an alkaline soil is one of the standard ways of lowering its/;H 
(see p, 614). The only organisms that have definitely been proved tc 
carry out this oxidation are some autotrophic species of the Thio- 
bacillus group of bacteria,^ which appear to be naturally widespread in 
alkaline soils. 


The Nitrogen Compounds 

The nitrogen compounds in the soil are derived mainly from proteins 
synthesised by the plants growing on the soil or by the soil organisms 
living in the soil, though very little is known about the actual chemical 
combinations in which they occur. They can, however, be divided into 
three groups: 

1. Nitrogen present as nitrate or ammonium ions, which rarely 
account for more than i to 2 p^r cent of the total nitrogen present, 
but which forms the primary source of nitrogen for the crop. 

2. Nitrogen present in compounds that decompose fairly readily tc 
give ammonium or nitrate ions, often known as the nitrifiable nitroget 
compounds. 

3. Nitrogen present in compounds that are only slowly decomposec 
by the soil population. 

' C. A. Evans and C. O. Rost, Soil Set., I945» S9» ,, 

• H. L. A. Tarr, Biocton. J., 1933, a7, 1869. , „ „ , . . -y r,n Physiol 

* For an account of the chemistry of this oxidation, see K. G. Voglu et at., • 

1942, *6, 89, 103, 157, 
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There is naturally no sharp division between the second and third 
groups, but the division has been found useful, particularly under some 

conditions. 

The amount of nitrogen in the soil that is available to the crop 
during the growing season depends on the rate of nitrate production 
in the surface soil during the season, and also on the amount of nitrates 
produced in the previous season that are stored in the subsoil within 
the range of the crop roots. The rate of nitrate production in the surface 
soil depends both on the amount and nitrogen content of the readily 
oxidisable organic matter present, and on the actual rate of oxidation, 
and this latter is only rapid in moist, well aerated soils. 

The quantity of nitrates that can be stored in the subsoil, and the 
depth from which plant roots can extract this nitrate, depends very 
largely on the climate. F, J. Sievers and H. F. Holtz^ showed that on 
the heavyish soils in the Palouse area much of the nitrates produced 
during a summer fallow were washed down by the winter rains to a depth 
between 2 and 5 feet, though some was held in the sixth foot and doubt- 
less some was washed out by the rains; and they showed that the sub- 
sequent wheat crop could use much of these nitrated held in the subsoil. 

The reason that heavy soils can hold nitrates in their subsoil against 
drainage during winter is presumably because the drainage water can 
only move down through cracks and channels in the soil whilst the 
nitrates can be held inside the principal structural units in the subsoil, 
through which the drainage water cannot move. Thus, R, Warington® 
long ago show^ed that the composition of the water first draining out of 
Broadbalk field at Rothamsted after a heavy rain had almost the same 
composition as the rain-water itself; it was only in the last runnings 
that its composition approached that of the soil solution. 

This concept of subsoil storage of nitrates over winter on heavy soils 
explains a number of observations that are otherwise difficult to under- 
stand.® In the first place, it is only possible on the heavier soils, for 
in the lighter the main drainage channels are closer together and 
more evenly distributed throughout the soil, hence there is a much 
smaller volume of soil available for holding nitrates against drainage. 
In consequence, it is only on the heavier lands that rotational fallowing 
is practised, for it is only these that can hold the nitrates produced in 
the surface soil by the summer cultivations for the use of a crop in the 
following year. 

The effect of rotational fallowing on the wheat yield on Broadbalk 
fornishes an excellent example. Table 118 shows that one year’s fallow 


• 1 

a 


Washington Agric, ExpL Sta,, Bull, i66, 1922. 

J* Boy, Agrk, Soc, England^ 1882, 18, i. 

M, CrowthfHT, Trims, srd Int, Congr, Soil Sci,y Oxford, ^ 935 > 3 » 
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TABLE 118 


Response of Wheat to a One-year Fallow: Broadbalk, 1935-45 

Yield In dressed grain In bushels per acre 


Nitrogen manuring 
in lb. per acre of j 
nitrogen as sulphate 
of ammonia per year 

Years after fallow 

Increase in yield over the 
third and fourth year 

First 

Second 

Third and 
fourth 

In first 
year 

In second 
year 

0 

30-8 

151 

14-0 

15-8 

11 ^ 

43 

36-2 

240 

22-7 

13-5 

1-3 , 

86 

38-7 

30-1 

29-3 

9-4 

0-8 ' 

129 

39-5 

35-2 

32-7 

6-8 

2-5 


adds the equivalent of about 90 lb. per acre of nitrate nitrogen, which, 
as Fig. 22 on p. 303 shows, is considerably less than the extra niiratc 
nitrogen found in the top 18 inches of soil during the fallowing, for ii 
corresponds to between 15 and 20 p.p.m. of nitrate nitrogen throughout 
this depth of soil. • Yet, as both this figure shows, and as has been 
subsequently confirmed by J. B. Marshall in 1935,^ the nitrate nitrogen 
content in the top 18 inches of fallow soil during the winter is almost 
the same as in the cropped soil. Hence, this nitrate is presumably held 
in the subsoil. 

This has not been directly proved at Rothamsted because the soil 
is a gravelly clay, and hence deep subsoil sampling is difficult, but it 
can be deciuced from the response of the following wheat crop to 
rainfall. The response of wheat to fallow is independent of the winter 
rainffill, but it is much reduced if the late spring and early summer 
are wet, presumably because under these moist conditions the wheat 
remains shallow rooted, and hence its roots do not reach the nitrates 
stored in the subsoil. This result can be tested in another way on 
Broadbalk, for on one plot all the sulphate of ammonia given to the 
wheat is applied in the autumn whilst on the others one quarter is 
applied in the autumn and three quarters in the spring. The diflcrcnce 
between the responses of the wheftt to these two treatments does not 
depend on the wdnter rainfall, but the autumn nitrogen becomes 
increasingly ineffective as the late spring and early summer rain a 
increases. “ 

On light sandy soils this subsoil storage of nitrates is not 
during moist winters, such as usually occur in the British Isles. ’ 
the ideal way for such a soil to carry a store of available nitrogen 
the winter is in a succulent green crop which is ploughed m’ln 

* Unpublished Ph.D. Thesis, London. ’ ’"Alumnus”, J, Agrie. Set,, I93®> 
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piing just before the main crop is to be sown. This is particularly 
ffecdve if the crop is well established before the winter rains begin and 
he climate is sufficiently mild for the crop to grow continuously and 
lence to take nitrates from the soil, during this season. However, over 
of this country catch crops have not made much growth before 
linter begins and make very little during the winter, and this limits 
he use of green manuring to a few favoured districts only. 


The Organic Matter 


li has already been stated (see p. 25) that there is no evidence that 
ny of the organic compounds in the soil organic matter are direct 
iitricnts for the plant, yet in many natural soils high crop yields 
an only be secured if there is an adequate supply of suitable organic 

natter. 

ENpcrimental evidence for the first part of this statement can be 
nimd in the Rothamsted field experiments with cereals. Average yields 
f wheat, barley and mangolds on land that has received adequate 
jrtiliser dressings but no farmyard manure for eighty \o a hundred years 
re as good as on land that has received generous dressings of farmyard 
nanure every year, although the yields on the fertiliser plots are rather 
nore variable. But this could be due to the better physical condition 
il the manured plots. 

A more detailed comparison of fertilisers with farmyard manure was 
nadr over a twenty-year period at Askov, in which amounts of fertiliser 
trictly comparable to that in the farmyard manure were used. Here 
he iertilisers proved distinctly superior to the manure: indeed, it took 
wicc as much nutrient in the form of farmyard manure to give the 
ame ciTect as a given dressing of fertiliser.^ 

I'here are, however, crops that seem to respond especially well to 
nanure in a way that they do not to fertilisers. An example of this 
las already been given for potatoes on p. 63, and certain fruit bushes 
nay also show this behaviour. But in these examples the improvement 
^n soil condition brought about by the manure is probably a sufficient 
-i<planation of its additional beneficial effect. Beans also have been 


inspected of responding to farmyard manure over and above that due 
to ihe nutrients it contains, but there are not sufficient experiments 
to decide yet if this is a fact, because in much of the earlier work the 
oeed fer potassium, which is present in considerable quantities in good 
^riuyard manure, was not realised. 


Urrm Ztsehr. Pflonz. Dmg., 1928, B 7, 457. Reviews of the older work by O, 

4 m. ibid., 1932, B XI, 1; M Gcrla^, ibid., p. 3O5; A. W. Blair, J. 

and nv 25, 540, lead to the general condusion that after allowing for ordinary nutntivc 
^ al ciTects there is little left to account for. 
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Farmyard manure, and other organic manures, can, however, have 
another very important function in the soil, for they maintain in it an 
adequate supply of iron^ and other trace elements needed by the croc 
in a form available to the crop. This function is particularly important 
in soils where these elements are rapidly converted into an unavailable 
form. The mechanism of this process is probably the slow release ol 
these elements during the decomposition of the organic matter, thougl 
the possibility of other mechanisms for preventing these elements from 
being converted into unavailable forms cannot be ruled out. Farmyard 
manure can even be a valuable carrier of phosphate, and K. T. Hartley- 
has given an example from Nigeria of the great benefit crops recdvt 
from dressings as low as i to 2 tons per acre of farmyard manure. Here 
the manure decomposes and releases its phosphate so rapidly that the 
crop can take up the bulk of it, for i ton of manure only contains the 
same total amount of phosphate as 64 lb. of superphosphate. 

Humic colloids, as distinct from decomposing organic matter, may 
also maintain some inorganic ions in a form available to plant root! 
under conditions when they would otherwise be converted into unavail- 
able forms if the* organic colloids were not present. Thus, humic 
colloids will help maintain iron and other trace elements in an available 
form in alkaline soils, and phosphates in an available form in acidsoils 
containing active aluminium, as, for example, in many tropical soils.^ 
Though humic colloids are probably the most important agency in the 
soil having this power, colloidal silicates can also fulfil the same function. 
Thus, A. Demolon and E. Bastisse* showed that the chlorosis of vines 
and fruit trees that may develop on calcareous soils can sometimes be 
cured by adding a silicate solution containing iron protected by colloidal 
silicates. 

* J. Bonner, Bot. Gaz», 1946, 108, 

^Emp, J, Expl. Agric., 1933, i, 113 (with M. Gr<>envvood); 1937, 5, 25A. 

• R. Cliaminade, Ann. Agron., 1944, 14, i; 1946, 16, 229; C,R. Cot^, P^doL M^dterr.. 

222 . 

*C.R. Acad, Agric,, 1944, 30, 501; Ann. Agron.y 1946, 16, 434. 



. CHAPTER XXVIII 


the effect of soil acidity and alkalinity 

ON PLANT GROWTH 


The Effect of Soil Acidity 


Natural soils differ considerably in their reaction, or pH, and these 
differences are reflected in the vegetation or crops they carry. For a 
long time it was not clear how far these differences were due to the 
sensitivity of the plant roots to the hydrogen-ion concentration of the 
soil or soil solution in which they were growing, and how far to secon- 
dary effects brought about by the reaction. Water-culture experiments 
have now proved conclusively that the harmful effects of acidity are 
due to secondary causes, except in extreme cases. Thus, D. I. Arnon 
and his co-workers* showed that many crops would grow satisfactorily 
in solution whose pH ranged from pH 4 to 8, provided precautions are 
taken to eliminate harmful secondary effects, but that plant roots are 
definitely injured in solutions as acid as pH 3, and are unable to absorb 
phosphates at pH 9. 

The secondary effects of high acidity, or low/)H, in a soil are shortage 
of available calcium and sometimes phosphate and molybdenum on 
the one hand, and excess of soluble aluminium, manganese,^ and per- 
haps other metallic ions on the other. The relative importance of these 
factors depends on the composition of the soil, in so far as it affects the 
level of available calcium, phosphate, aluminium and manganese, and 
on the susceptibility of the crop to a deficiency of calcium or an excess 
ol aluminium or manganese. Excess manganese accumulates in all 
tissues and interferes with their proper metabolism. Excess aluminium 
accumulates in the roots® and may reduce very considerably their 
power of translocating phosphates frpm the soil to the vascular system.* 
Excess aluminium may therefore cause the plant to suffer from a 
phosphate starvation which cannot be corrected by adding phosphate 
to the soil.® 


, FAvak)/., 1943, 17, Ri*;, « 

uJ- figures, see T. Waflace et ai, Naim, 1945. 778; J. B. Hale and S. G. 

FxT'vf’ ‘n'l’’ X 57 > 554 - I'oc American figures, see M. j. Funchess, Alabma Agru. 

irm * 9 * 8 ; ri! G. M. Jacobson and T. R. Swanbank, J. Amer. Soc. Agron., 

•Tr’. * 4 . 237- 


»v“',?®«fninary of the literature, sec G. E. Hutchinson, Quart. Rev. Biol., 1943, 18, 128. 
t , ; *‘->Vnght, Plmil Physiol., 1943, 18, 708; E. J. Hewitt, Long Ashton Ann. Rep., 1948, 58. 
>*“1 indebted to Professor T, Wallace for this observation. 
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Crops differ in their susceptibilities to these consequences of acidity 
hence it is impossible to draw up any table showing the critical at 
which a given crop begins to suffer severely from acidity, even if any 
definite meaning could be given to the /»H figure. There is no necessary 
close connection between the pH. of a soil and its suitability for a given 
crop in the moderately acid range. 

The relative importance of the three major consequences of soil 
acidity — low calcium and high aluminium and manganese — affect 
different crops differently, and only recently has critical work been 
started to assess their relative importance. E. J. Hewitt, ^ of Long Ashtoii, 
has published some preliminary observations. He finds that sugar-beet, 

TABLE 119 

Soil Reaction and Plant Growth 
Survey of about 200 Swedish Farms 

The unbroken lines indicate frequent occurrence and good yields, the dotted lines 
poor yields and less common occurrence 

pH 7S 7 6S 6 55 5 45 

I I I I I ! I 

Lucerne 
Sugar-beet 
Barley 
Wheat 
Red clover 
Turrwps 
Oats . 

Rye . 

Swedes 
Timothy 

and potatoes have a high calcium requirement, but whereas sugar-beet is 
relatively tolerant to high manganese and susceptible to high aluminiu®! 
potatoes tend to be relatively susceptible to manganese but tolerant to 
aluminium. The brassica crops are like potatoes and barley is li^ 
sugar-beet except they have lower calcium requirements, whilst oats is a 
reliable crop on all acid land as it has a low calcium requirement an « 
tolerant of high aluminium and high manganese. The 
differ among themselves in their tolerance to manganese. 
lespedeza and sweet clover are sensitive to a high level of niangaties j 
groundnuts are tolerant and cow-peas and soybeans come interme la > 

^ Long Ashton Ann, Rep,, 1947, 82. 

* H. D. Morris and W. H. Pierre, Agron, J,, 1949, 
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yet lespedcza, for example, commonly grows well on very acid soils, 
vvhich must, therefore, presumably be low in manganese. 

Lists can, however, be drawn up showing the crops that generally 
only do well on slightly acid to neutral soils, and those that will tolerate 
niorc acid conditions. Thus, in England, lucerne, barley, sugar-beet 
and mangolds are only considered suitable for neutral to mildly acid 
j.oils; wheat, red clover, peas, beans and vetches will often succeed in 
ratlicr more acid soils; and white clover, many grasses, oats, rye, lupins 
and potatoes will grow on soils too acid for the others. ^ Among sub- 
tropical crops tolerant of acid conditions are lespedeza, soybeans and 
some varieties of beans, millets, sorghums, including Sudan grass, and 
s\v(’('t potatoes. 

lablc 1 19, which gives a summary of a cropping survey on 200 
Swedish farms made by O. Arrhenius, ^ illustrates this by showing the 
actual cropping practised by farmers on soils of different pR. But this 
table must be correctly interpreted: it does not show the optimum 
valu(‘ ol' the pR for any crop, but only the tolerance of the crop to 
acidity. Thus oats, rye, swedes and potatoes^ can all be grown as 
successfully in neutral as in acid soils, though true calcifugc plants, 
su(h as lupins among agricultural crops, and heaths and rhododen- 
drons among shrubs, will only thrive on acid land, probably because 
o( their intolerance of a high level of calcium, though perhaps in part 
because they cannot obtain iron from nearly neutral soils. 

A point of some importance arises here. If one has an acid soil, 
should one regard the acidity as inherent, and crop the soil accordingly 
tviili acid-tolerant crops, or should one neutralise the acidity and have 
greater freedom of cropping? The same point arises on low phosphate 
soils: should one choose crops that can stand low phosphate status, or 
should one raise the soil’s phosphate status? In either case the un- 
desirable condition may be aggravated by continuous cropping with 
tolcr<mt crops. 

l\vo other points on the effect of soil acidity on the distribution of 
crops can be made. Liberal dressings of farmyard manure ameliorate 
the ( fleets of acidity, and for reason^ not fully explained, crops arc more 
tolerant of acidity in cool, moist climates than in warm, dry ones. Thus, 
ccops can be successfully grown on more acid soils in parts of Wales, 
Scotland and Scandinavia than in the southern and eastern parts of 

1 he second point is that variations in soil reactions may affect the 
'''*^<^<'[)til)ility or resistance of the crop to a particular fungus disease. 

/ * mure detailed discussion, see H. VV, Gardner and H. V. Garner, The Use of Lime, 
^053. * Kalkfrase, Bodenreaktion und PjJanzenwacksium,, Leipzig, 192b. 

< O. Smith (Cornell A^rk. ExpL Sta., Bull. 6(14, 1937) Ihund potatoes grew 

> well m soil between pH 4*8 and 7 ‘ 1 . 
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Thus, Plasmadiophara brassicae, the fungus that causes finger-and-toe, 
or club-root in the cultivated brassica crops (swedes, turnips, cabbage' 
etc.) tolerates soil acidity better than its host crop, and is therefore 
most likely to be injurious on acid soils. Addition of lime reduces the 
acidity and either makes the soil less suited to the pathogen or increases 
the resistance of the crop to the fungus. Table 120 gives some examples 
of this correlation between the j&H of the soil and the incidence ol 


TABLE 120 

pH Values for Pairs of Comparable Soils Differing as Habitats for 
Plants or Micro-organisms^ 


Centre 

Crop 

Condition 

pH 

Condition 

pH 

(1) Bothamsted 

Swedes 

Finger-and-toe 

5-85 

Nofinger-and-toe 

7-9o’ 

• f 

•t 

»» »* 

605 

*> tt 

7-87 

(2) Garforth 

(3) Aberdeen . 

tt 

Turnips 

»* »♦ 
Much finger- 

5-66 

tt M 

Little finger-and- 

6-13 

and-toe 

6-21 

toe 

7-13 

(4) Somerset • 

Barley 

Failure 

4-41 

Good 

5-77 

(5) Ipswich 

Lucerne 

»> 

615 

tt 

7-86 

(6) Carrington^ 

— 

Uncultivated 

3-01 

Cultivated 

5-52 

Moss 

— 

Bad field 

4-88 

Good field 

5-14 

(7) Pusey 

Potatoes 

Much scab 

7-40 

Little Scab 

6-13 



7-65 

tt 

6-75 


the difease.® On the otlicr hand, Actinomycetes chromogenus [Oospora], 
potato scab, is less tolerant of acidity than its host, and over a certain 
range potatoes can be grown well without fear of attack. Even though 
their soils need lime for other crops, Cheshire farmers do not add it 
until after the potatoes are lifted, otherwise “scab” may develop. 
Potatoes need calcium on more acid soils, but care must be exercised in 
applying lime or “scab” results. Thus, W. L. Nelson and N, C. Brady^ 
found that potatoes growing on very acid soil (/>H 4-2) could get all the 
calcium they needed if the lime w,as mixed with the subsoil only, so 
allowing the tubers themselves to grow in the surface soil that was too 
acid for the pathogen. The fungus causing “take-all” in wheat [Ophio- 
bolus graminis) develops much more readily in slightly alkaline than m 
acid conditions: it is liable to do damage on calcareous soils, but not on 
slightly acid sands or heavy loams. 

^ E. M. Crowther, J, Agric, Sci., 1925, 15, 201. 

* These soils have bc«i discussed by E. Price Evans, J. £co/., 1925, ix, 64. ,, 

® For further field trials on the control of the disease by liming, see J. Hendrick, i ^ 
Highl, Agric, Soc, Scotland^ 1918, 30, 137. 

^ Proc, Soil Set, Soc, Amer,, 1944, 8, 313. 
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The eflSscts of acidity are usually more marked in meadows and 
jastures than on arable i^d, for here very many species of plants are 
/rowing in competition with each other. Plants which tolerate acidity 
I little better than ^eir neighbours will tend to spread at their expense, 
ind come to dominate the flora of acid soils, though they do not 
lecessarily thrive best in acid soils in the absence of competition. This 
:ficct of on the floristic composition of some Danish meadows is 

TABLE 121 

Average Frequency^ of Meadow Species on Soils of Different pH Values 


pH range 

3-5- 

3-9 

4- 
1 4*4 

4-5^ 

4-9 

5- 

5-4 

5-5- 

5-9 

6- 

6-4 

6*5- 

69 

7- 

7-4 

7*5- 

7-9 

No. of 
localities 

Deschampsia fhx^ 

86 

68 

40 







13 

uosa 

— 

— 

— 

— 

— 

— 

CoHuna vulgaris 

20 

47 

10 

20 

— 

— 

— 


— 

13 

Gallium hercyni- 



i 








cum 

94 

77 

1 40 

20 

IS 

— 

— 

— 

— 

18 

Potcntilla erectutn 

67 

99 

63 

73 

48 

45 

10 . 

20 

— 

39 

Agrostis conina . 

— 

100 

100 

73 

63 

100 


— 

— 

12 

Festuca ovina . 

— 

100 

47 

35 

20 

20 

5C' 

— 

— 

12 

Anthoxanthum 











odoratum 

33 

47 

79 

80 

83 

76 

27 

30 

30 

46 

Deschampsia cae- 





67 


33 

52 

23 

33 

spitosa , . 1 

— 

— 

— 

40 

62 

Circium olera- i 











ceum . . i 

— 

— 

— 

— . 

— 

— 

50 

100 

80 

8 

Angelica syJ- 








48 

30 

14 

vestris . 

— 

— 

— 

— 

— 

35 

33 

Tussilagofarfara 

— 

— 

— 

— 

— 

10 

10 

55 

80 

. ? 

Agrostis alba 

— 

^ — 





30 

65 

60 

7 


illustrated in Table 121.* It is also well shown in the Rothamsted grass 
plots, in which the manuring has been unaltered for ninety years in 
some cases.* The effect of high acidity can be indirect, for when the 
soil becomes too acid, the soil fauna becomes very restricted. Thus 
cartliworms die out, so there is no mechanism for mixing the surface 
litter with the soil, and the activity qf the surface feeding fauna becomes 
sulTiciently low to allow a mat of dead vegetation to form on the surface 
under which, and in which, the seedlings of most plants cannot germi- 
nate. Again, hill pastures in Great Britain can have the feeding value of 
their herbage greatly increased by liming and phosphating, for this 


’ riir Irequency is determined on ten trial areas each of o-i sq. m. at each cemrc. 
n a plant is found on ci^t of these areas at one centre, the frequency is 8 o per cent. The 
tabic are the av^crage of the frequencies at all the centres. 

(tlsen, C.7?. Lab, Carlsberg^ 1923, 15, i* » 1 • 

ofr account of the floristic compositions of these plols^ sec W. E. Brcnchley, Manuring 
^ Hay, London, 1934. 
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causes the coarse Nardus and Agrostis grasses to be replaced by more 
nutritious species, such as rye-grass and rough- and smooth-stalked 
meadow grass, ^ Even on ordinary pastures the herbage depends on the 
acidity of the soil, and, as W. R. G, Atkins and E. W, Fenton^ showed 
cattle and sheep tend to graze the less acid areas more closely than the 
more acid ones. Thus they found the animals only reluctantly grazed 
the pasture where its was under 5, and preferred the areas where it 
was over 6-5, 


The Lime Requirement of a Soil 

Soil acidity can be corrected by applying chalk or limestone to a s(^il. 
This practice is very ancient: Pliny® describes the method the Belgaie 
used for chalking their land, and his description held almost exactly fer 
the traditional method in the English Home Counties until the end 0.^ 
the nineteenth century.^ The amount of chalk applied per acre was 
very high, and the dressing given at long intervals. But it is possible 
that these very heavy dressings had some subsidiary benefits in addition 
to the correction ofsoil acidity. Thus it is probable that the chalk often 
contained some available phosphate, and it may have improved the soil 
structure as well® (see p. 434). 

Present-day agriculture requires, for financial reasons, much smaller 
and more frequent dressings; and this is particularly important on some 
sandy and organic soils in which crop yields can be reduced if too high 
a dressing of lime is applied (see p. 533). For this reason the early soil 
chemists sought for methods to estimate the minimum amount of 
calcium carbonate or lime that must be added to a soil to neutralise 
its acidity, and this quantity they called its “lime requirement”. Wc 
now know we can attach no definite meaning to the phrase “to 
neutralise the acidity of a soil”, so correspondingly this is an inadequate 
definition of the lime requirement. Nor can we define the lime require- 
ments of a soil as the amount of lime needed to give maximum crop 
yields, for crops vary in their requirements. We can only define it as 
the amount needed to give maximum economic return from the crop 
rotation we wish to follow. 

Liming an acid soil can have several immediate consequences. 7 hus it 
automatically raises the pH and raises the lime potential (see p. i n ) , arid 
the calcium ion concentration in the soil solution. It will result both m 
calcium ions displacing aluminium ions from the clay, and in raising 

* Sec, for example, W. E. J. Milton, J. EcoLy 194a, 28, 326; I 947 i 35 > ^ 5 ' 

“ Sci. Proc. Roy. Dublin Soc., 1930, 19, 533. 

* Katuralis Historiae, Lib. 1 7, Cap. 4. 

* E. J. RusHell, J. Bd. Agric,^ 191O, 23, 625. 

* For an example, sec B, Roscoc, Plant and Soilf i960, X2, 17. 
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the pB. of the soil solution, so causing the precipitation of some of the 
aluminium ions it contains as aluminium hydroxide. A. Mchlich^ has 
shown, however, that in some soils having a high aluminium ion concen- 
tration in the soil solution, manganese may also precipitate out at a 
lower /'ll than if only a little aluminium is present, presumably because 
it is precipitating on the freshly formed aluminium hydroxide. This 
may be the explanation of the observed fact that liming some very acid 
soil? up to pH. 6-5 can induce severe manganese deficiency. 

Liming the soil also increases the degree of saturation of the exchange 
complex with calcium. The older workers assumed it was desirable to 
saturate the soil to about pH 7, but A. Mehlich and his colleagues* have 
pul forward evidence that for many crops it is only necessary to 
neutralise the permanent negative charge on the clay particles, that is, 
to liavc only a small proportion of exchangeable aluminium ions on the 
The difference between this concept and that of saturating the 
soil to pH 7 is not very large in practice for soils whose clay fraction is 
pi cdominantly composed of micaceous minerals, but the difference can 
be very great for soils whose clays are kaolinitic, for these have a larger 
//ll-dcpendent charge than permanent negative charge. Certainly in 
the tropics and sub-tropics where many of the well-drained soils are 
kaolinitic, liming only improves crop yields on very acid soik, and 
iHually reduces yields on moderately acid soik. 

Historically, however, the lime requirement concept in Western 
Europe has been based on determining the amount of lime needed to 
raise the soil to a given pH, very often 6-5 or pH 7.’ One can determine 
this for a soil sample in the laboratory, but if one then applies this 
aniouiit of lime to the soil in the field, the field pH does not rise as much 
as ( xpccted. This is illustrated in Fig. 47 for two Danish acid soils,* 
ulm h show’s that the soil in the field needs two to three times more lime 
U) bring its/)H up to a selected value than is indicated by the laboratory 
titration curve. This factor is known as the liming factor, and k based 
on the assumption that the calcium carbonate is uniformly distributed 
throughout the top 20 cm. of soil, which is assumed to weigh 24 
million kg. per hectare. 

II . L. Mitchell® found a similar Tactor for four out of five Scottish 
i'oih, although the fifth soil gave a factor nearer to unity. O. de Vries 
mifl P. Bruin® found many Dutch soik had a liming factor of 2 and 


t'liii. .SW &i. Soc. A»wr., 1957, ai. fiaf,. . joi.iArj.ij 

a icvirw of their ideas, sec N. ' 1 '. Coleman, E. J. Kampralh and S. Weea, Aav, 

, 10 , 475 » 

^ ^ a t'oinparison of several methods in use, see R. F, innes and H. I' . Birch, J. Agric. Set., 
f' 1^36. and S. K. Mukherjec et al., Ind. J. Agrir. Sn.. 1944, I 4 > 74 » ^<^ 3 * c */ c ■ 
iioiii 11. R, Cliristensen and S. Tovborg Jensen, Irans, 2nd Comm. Int, Soc. Sou Scu, 
k)26 A, 94, 

Anrk. 1936, 26, 664. Sec L. A. Whelan, ibid., 1939 ^ lor a coxvtmuation 
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Fig. 47. Influence of successive additions of CaCo® on the pH values of two acid soils in the 
laboratory and the field respectively. 


about one-third had one of 3, and L. E. Dunn^ found some medium to 
heavy soils in western Washington had liming factors under 2. 

The full explanation of the cause of this liming factor has not been 
critically examined. In part it is due to the added calcium carbonate 
taking several years to achieve its full influence on the pH of the soil, 
during which time an appreciable amount of the carbonate has been 
washed out. And in part it may be due to the conditions under which 
the is measured, as it is possible that if all the pH values of the soil 
were determined in 0 01 M calcium chloride the discrepancy between 
the laboratory and tlie field would be much less marked. 

Some confusion has been caused by the use of the word “lime” for the 
material added to the soil to neutralise soil acidity. At the present 
time, lime usually refers to calcium oxide, also called burnt or quick- 
lime, or to calcium hydroxide, also called hydrated or slaked lime; 
but in the past it also included calcium carbonate, as can be seen in 
the word limestone. There is no accepted word for a material that 
neutralises soil acidity, which must include not only these compounds 
but also some slags and other fonrfs of calcium silicate, and the phrase 
“liming material” must often be used. The question arises whether 
any ptulicular form of liming material is better than any other, and 
in particular if there is any object in using fuel to bum limestone or 
chalk to convert it into the oxide or hydroxide. There used to be an 
advantage because it was once the easiest way to convert the rock into 
a powder, but crushing machinery is now available for grinding 
limestones to any degree of fineness. Finely divided calcium oxide and 

^SoilSci., 1943, 56, 341. 
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hydroxide when mixed with the soil are rapidly converted into the 
carbonate and though it is possible that either may neutralise soil 
acidity rather faster than finely ground carbonate, there seems to be no 
field evidence that this is of any practical consequence if the liming 
material is applied one or two months before the crop is planted, and 
in fact the long-term effect of all liming materials on other soil pro- 
perties, such as the level of the soil organic matter, appears to be 
independent of whether calcium oxide or carbonate is used.^ 

The calcium carbonate must, however, be crushed if it is to become 
available fairly quickly in the soil. If it is chalk, crushing to a fine 
powder is technically simple, although the chalk may have to be 
dried beforehand. If the carbonate is a limestone rock, the coarser 
the material can be ground, the cheaper will be the process. Lime- 
stone crushed to pass a lo-mesh screen (aperture 2 0 mm.), but to 
be retained by a 30-mesh (aperture 0-59 mm.) takes longer to affect 
the /)H of a soil than if it is crushed to pass a loo-mesh sieve (aperture 
0-15 mm.), but twelve months after application the effects of the 
coarse and the fine are about equal, and for the next few years the 
residual effects of the coarse are rather higher than of the fine, as 
the fine washes out quicker in the drainage water.^ Limestone coarser 
than 2 mm. is, however, an inefficient liming material. Now the 
process of crushing limestone rock produces fragments of many 
sizes, from fine dust upwards. Thus limestone crushed to pass a lo-mesh 
or a 20-mesh sieve may contain 25 per cent or 45 per cent of material 
that passes a loo-mesh sieve. Hence, this material, which is what the 
crushing mills naturally produce, is agriculturally preferable to material 
crushed and screened to a uniform size. Whether passing a lo-mesh 
or a 20-mesh sieve is the preferable upper limit of size has not been 
fully investigated, but for many limestones there appears to be little 
to choose between them; the important thing is to have a considerable 
variation in particle size in the material to ensure both rapid action 
initially and a reasonably long residual action.® 

Now calcium bicarbonate is being continually washed out of the 
soil at an average annual rate equivalent to 2-4 cwt. of GaCOs per 
acre, as can be seen from the table on p. 555, but this rate depends on 
the amount and the solubility of calcium carbonate in the soil. Thus 
T. W. Walker* found for a sandy soil having a lime requirement of 


’ For the results of the Pennsylvania trials on this point, see J. W. White and F. J. Holben, 
S'oi/ &!., 1024, x8, SOI. _ T T nt ■ 

* For American results, see W. H. Pierre, SoilSd., 1930, 29, 137; T. L. Lyon, Cornell AgK. 
J-'xM. Sta., Bull. 531, 1931; W. H. Maclntire el al., J. Amcr. Soc. Agron., 1933, 25, 285; 
R. H. Wsdker and P. E.'Brown, Iowa Agric. Expt. Sta., Res. BuU. 178, 1935- F” New Zealand 


results, B.*W. Doak, MJC- J- *'• Tech., 1941, 23 A, 24. 

® For an example, sec W, A. Albrecht, SoU iSW,, 194^* ^^ 5 * 

* J* SoU ScLt 195a, 3, 261. 
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40 cwt. per acfe of calcium carbonate, that the rate of loss of added 
calcium carbonate was as follows: 


Dressing applied 


During first 5 years 
second 
third 

Total loss in 15 years 


100 50 

Rate of loss of added CaCOg 
8 

2 I 

70 42 


25 cwt. per acre 
CaCOg 

in cwt. per annum 

H 

, J 


P. Tuorila^ has also found from the analyses of many Finnish liming 
experiments that the average annual loss of calcium carbonate from 
acid soils was roughly proportional to the dressings of calcium car- 
bonate given, and that the effects of suitable dressings last fof^ about 
eight to ten years, during which time between one-half and one-third 
of the calcium added has been lost in the drainage water. The present 
statutory compensation for the residual value of calcium carbonate 
allowed to outgoing tenants in England is based on the Jissumption 
that one-eighth of,the carbonate is lost each year. 

This rate of loss of carbonate probably depends on the fineness of 
grinding the limestone: the coarser the grinding, the smaller will be 
the loss in the first two to three years. But no figures appear to be 
available to show the magnitude of this effect. 


The Effect of Soil Alkalinity 

The harmful effects of high alkalinity are again usually due to 
consequences of the alkalinity rather than to the hydroxyl ions them- 
selves. The great difficulties experienced by plants growing in alkaline 
soils are absorbing enough iron, manganese, boron and perhaps other 
trace elements on the one hand, and phosphates on the other, not 
because their roots are incapable of absorbing these nutrients from 
solutions at these /»Hs, but because the nutrients are in so insoluble a 
form that the roots cannot bring enough of them into solution for their 
requirements. These harmful effects can often be seen when acid 
sandy soils, particularly when high in organic matter, are heavily 
limed. 

Calcareous soils free from sodium salts cannot have a pH exceeding 
8-2 to 8-4, for, as explained on p. 108, a moist calcareous soil would have 
a pH of 8-4 when in equilibrium with air having the same carbon dioxide 
content as in the atmosphere, and at this pH the concentration of these 
essential ions is too low for the plant to obtain an adequate supply. 

* Sventka Vall-o, MosskForen. Tidskr., 1945, 7, 83. For an example from Woburn, sec E. J- 
Russell and J. A. Voclcker, Fifty Tears of Field Experiments at Woburn, London, 1936. 
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The maximum />H which a soil can have for these ions to be present 
in an adequate concentration for the crop has not been worked out, and 
in fact this particular problem is probably not worth the tackling be- 
cause of the inherent limitations in the meaning that can be given to the 
phrase “the />H of the soil”. But the pTH of the soil solution in a calcare- 
ous soil, which is an important factor controlling the availability of 
these nutrient ions, depends on its carbon dioxide content, ^ hence the 
problem that probably can be profitably investigated is to find the mini , 
mum carbon dioxide content of the soil air that allows the crop to take 
up enough of these nutrients. 

The consequences of the variations of carbon dioxide content on the 
availability of these nutrients in different types of calcareous soils have 
not been worked out quantitatively.® But the general consequences are 
clear. Sandy soils are usually better aerated than loams and clays, and 
nutritional troubles due to over-liming arc usually confined to such soils. 
The carbon dioxide concentration in a soil can be increased by rolling 
it, and heavy rolling is essential on many of the lighter calcareous soils 
for good germination and early growth. Pastures have a higher carbon 
dioxide content than arable, and grassing down miserable orchards on 
light or thin calcareous soils often increases their health and vigour 
markedly. This is not to imply that />H or carbon dioxide content of the 
soil air is the sole factor responsible for the nutrient deficiencies that 
occur on calcareous or over-limed soils, for some of the factors that in- 
crease the carbon dioxide concentration in the soil also increase the 
amount of potassium taken up by the crop, for some reason not yet 
explained (see p. 640). Further, as T. Wallace and E. J. Hewitt®, have 
pointed out, anything that increases the potassium uptake in cal- 
careous soils is particularly important because potassium deficiency 
sometimes induces iron deficiency or chlorosis — one of the characteristic 
troubles of calcareous soils. 

A practical consequence of this danger of over-liming is that naturally 
well aerated soils, such as light sands and many peats, must never be 
given large dressings of calcium carbonate, for this either causes the 
whole soil, or very many pockets in the soil to have too high a /H. It 
is usually desirable to aim at maintaining the fiH of such soils at under 
rather than over 6-5, and they should be given frequent light appli- 
cations of lime. Very difficult problems may arise, however, when one 
sets out to reclaim a very acid heath: one must normally apply only 

^ For illustrations of the importance of this for phosphate uptake, see T, F. Buehrer, 
Arizona Agrk. Exp, Sta,, Tech, Bull, 42, 1932; W. T. McGeorge et al., J, Amer, Soc. Agron,, 
1935, 27, 330, 

* For an example of the effect of the COa content of soil water on the level of available 
manganese in a soil, see B. D. Bolas, Nature, 1948, 162, 737. 

^ j. Fomd,, 1946, 22, 153* 
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sufficient lime to allow acid-tolerant crops such as potatoes and rye to 
be grown and slowly increase the calcium status until the full range of 
farm crops can be taken. 

Soils can only have /)Hs exceeding 8-4 if they contain appreciable 
quantities of exchangeable sodium. The maximum recorded j&H for 
a soil is probably lo-o for an alkali soil at field capacity containing 
sodium carbonate in the State of Washington: ^ its/iH in a 1:5 water 
suspension was i0‘75. Soils containing exchangeable sodium but no 
calcium carbonate can, in fact, have tlieir /»Hs raised to hith values 
by applying calcium carbonate, for this allows some sodium carbonate 
to be formed by exchange. \ 

In humid soils the main change of reaction that one wants \to bring 
about is raising the pYi, but in arid regions it is often desirable ^0 lower 
it. One way of doing this is to increase the COg content in the Soil air, 
by, for example, ploughing in manure or green manure. Another way 
is to apply sulphur to the soil, which is oxidised to sulphuric acid by 
certain soil bacteria that seem to be widely distributed in alkaline soils. 
Aluminium sulphate has also been used, for the aluminium is precipi- 
tated either as hydroxide or ba.sic sulphate with the liberating of 
sulphuric acid, but it is not as efficient as sulphur on the basis of equal 
sulphur contents. These two methods can naturally be combined in 
the use of sulphur composts, made by adding sulphur to the plant 
residues when they are put into the compost heap, and this is probably 
the most satisfactory method for horticultural or orchard crops. These 
methods are, however, discussed in more detail on p. 614. 

W, T. McGeorge^ has given examples of the value of adding sulphur 
or other acid materials to fertilisers to improve their effectiveness on 
alkaline soils. The sulphur, by increasing the soil acidity, helps the 
crop to take up more iron, manganese and often zinc, as well as 
phosphate, and, in fact, the use of acid phosphates, or sulphur- 
phosphate mixtures is strongly recommended for the Arizona 
conditions. In the same way ammonium fertilisers are usually more 
effective than nitrates,® presumably because they tend to leave the soil 
more acid. 

^ W. P. Kelley and S. M. Brown, J. Arm, Soc, Agron,, 1939, 31, 41. 

^Arizona Agrk, Expt, Sta,, Tech, Bull, loi, 1943. 

® K, Mehring, Landw, Jahrb,, 1935, 79, 481, 



CHAPTER XXIX 


THE EFFECT OF A GROWING PLANT ON THE SOIL 

Living plant roots can affect the biotic conditions in the soil by 
their differential absorption of nutrients from it and by their excretions 
into it. 

Plant roots take up their anions and cations preferentially, so do 
not necessarily take equivalent quantities of each from the soil solution. 
Hence, the plant may cause a shift in the /iH of the soil for this reason. 
This effect has been known for a long time. Thus, W. Knop^ found 
that if plants grew in culture solution containing nitrates the solution 
became progressively more alkaline until the plants suffered from 
chlorosis and died. Shortly afterguards F. Rautenberg and G. Kuhn® 
found that if the culture solution contained ammonium salts it became 
progressively more acid. In i88i A. Mayer,® in discussing some of the 
erratic results obtained with potassic fertilisers, suggested that the 
preferential uptake of potassium by plants might produce acidity in 
the same way as with ammonium salts. He introduced a classification 
of fertilisers into — 

(1) Physiologically acid, e.g. ammonium and potassium salts. 

(2) Physiologically neutral, e.g. calcium and magnesium sulphates, 
superphosphates and calcium chloride. 

(3) Physiologically alkaline, e.g. Chilean nitrate, calcium carbonate, 
lime. 

These results, based on the results of pot experiments, cannot properly 
be used to estimate the corresponding effect of the fertiliser in the soil. 
Thus, in arable soils acidification by ammonium salts is primarily due 
to nitrification, but the term physiological acidity may be retained if 
it is extended to include the removal of ammonium by micro-organisms 
as well as by plants. Nitrates undoubtedly conserve soil bases and 
reduce soil acidity and may correctly be termed physiologically basic 
in Mayer’s sense. Potassium salts have no appreciable effect on soil 
reaction and are not physiologically acid in this wider sense, although 
in culture solutions and in sand the acidity produced by growing plants 
may be measured and used to increase the availability of relatively 
insoluble phosphates.* Mayer correctly regarded superphosphate as 

‘ZWw. Vers.-Stat., 1861, 3, 295. »Landw. Vers.Staf., 1864, 6, 358. 

’‘Lmdw. Vers.-Stat., 1881, 26, 77; J. iMndw., 1864, i*. I 07 - a « 

‘ D. N. Prianischnikov, Die DUngerlehre, Berlin, 1923; tfani. Dung., 1933, A 30, 3». 
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physiologically neutral in spite of the acidity of its solutions, but many 
later writers erroneously assumed that superphosphate increased soil 
acidity. Alkaline materials, such as lime or basic slag, should not be 
described as “physiologically” basic. 

Plants take up different amounts and different proportions of 
nutrients from a soil according to their species. The exact amounts 
taken up depend on the soil conditions (see p, 461), but certain broad 
generalisations can be made. Table 122 shows typical quantities of 


TABLE 122 \ 

Amounts of Various Substances Absorbed from an Acre of Soil\by the 
Common Agricultural Crops of England ^ 



Ac 

har- 

vest 

lb.* 

Dry 

lb.* 

Total 

pure 

ash 

lb. 

1: 

Sul- 

phur 

lb. 

Potas- 

sium 

lb. 

Sod- 

ium 

lb. 

Cal- 

cium 

lb. 

Mag- 

nesium 

lb. 

Phos- 

phorus 

lb. 

Chlor- 

ine 

lb. 

Sili- 

con 

lb. 

Wheat, frain, 30 bush. 

1800 

1530 

30 

34 

27 

7-7 

05 

0-7 

2-2 

62 

0-1 

0-3 

straw 

3160 

2650 

142 

16 

51 

16-2 

1-5 

5 9 

2-1 

3-0 

2-4 

45-0 

Total crop 

4960 

4180 

172 

50 

7-8 

23-9 

2-0 

66 

43 

92 

25 

45-3 

Oats, grain. 45 bush. . 

1890' 

1630 

51 

34 

3*2 

7-5 

0-6 

1-3 

2-2 

5-7 

0-5 

9-3 

straw 

2830 

2350 

140 

18 

4-8 

30 7 

3-4 

7-0 

3-1 

2-8 

6-1 

30-6 

Total crop 

4720 

3980 

191 

52 

80 

38 2 

4-0 

83 

5-3 

8-5 

6-6 

39-9 

Beans, grain, 30 bush. . 

1920 

1610 

58 

78 

mSS 

20-2 

0-4 

2-1 

2-5 

too 

M 

02 

straw 

2240 

1850 

99 

29 

■fi 

35-5 

1-3 

18-8 

3-4 

2-7 

4-3 

3-2 

Total crop . 

4160 

3460 

157 

107 

la 

557 

1-7 

20-9 

5 9 

12-7 

5-4 

3-4 

I 

Meadow hay, 4 tons . 

3360 

021 

203 

49 

5-7 

423 

68 

22-9 

87 

5-4 

14 6 

26-6 

Red clover hay, 2 tons 

4480 

3760 

258 

98 

9-4 

69-1 

3-8 

64 4 

17-0 

10-9 

9-8 

3-3 

Turnips, roots, 17 cons 

38100 

3130 

216 

61 


90 1 

12-6 

18-2 

34 

98 

10-9 

■nBn 

leaf 

11400 

1530 

146 

49 


334 

5 6 

346 

2-3 

47 

11-2 


Total crop . 

49500 

4660 

364 

no 

B 

123-5 

182 

52-8 

5-7 

14-5 

22-1 


Mangolds, roou, 22 cons 

49300 

5910 

426 

98 

4-9 

185-0 

51-5 

11 3 

ll'O 

15-4 

42-5 


leaf . 

18200 

1650 

254 

51 

9-1 

64-7 

366 

19 3 

14-6 

7-6 

40-6 


Total crop . 

67500 

7560 

680 

149 

14-0 

2497 

88 1 

30-6 

25-6 

23-0 

83-1 

lEQl 

Potatoes, tubers, 6 tons 

13400 


m 

IB 

IB 

63-5 

2-8 

IB 

IB 

9-4 

4-4 

1-2 


* Weight of crop. The yields quoted arc not averages, though they are commonly 
obtained on farms. 


various substances English crops remove from the soil,^ and E. Wolff- 
and H. Wilfarth and his co-workers^ have published other tables. They 
all show that cereals absorb less mineral nutrients per acre than any 
other crop studied, although they give a large amount of dry matter 
per acre. The animal fodder crops — grass and clover hay and the root 
crops — all take up large amounts of nutrients, and hence the need for 
good conservation of the nutrients in farmyard manure made from 
these crops, otherwise the soil will rapidly become impoverished. A 
consequence of this differential absorption of nutrients by crops is that 
if the nutrient status of the soil is low, crops taking large amounts of 

‘ R. Warington, The Chemistry of the Farm, 4th cd., London, 1886. 

^ Aschen Analysen, Berlin, 1871. * Landw. Vers.’-Statt 1905, 63, 
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nutrients from a soil leave it poorer than crops only taking small 
amounts of nutrients. Thus, on acid soils with low base reserves at the 
Rhode Island Station^ crops sensitive to acidity do much worse after 
mangolds, which take up large amounts of base, than after the grass 
red top {Agrostis alba) which takes up much less. 

Roots excrete carbon dioxide, or carbonic acid, into the soil solution, 
but this will only affect the acidity of the soil, or its base reserves, in 
so far as the carbonic acid is neutralised by calcium and washed out 
as calcium bicarbonate during periods of strong leaching. It will nor- 
mally not affect the soil acidity in so far as the carbon dioxide excreted 
enters the soil air and is exchanged for atmospheric oxygen by diffusion. 

Some plant roots excrete substances that are harmftil to young roots 
of other plants (see p. 546) ; some varieties of flax excrete prussic acid,'-® 
HCN, which protects their roots from attack by some pathogenic 
fungi; some species of lupins apparently excrete acids that can 
bring relatively insoluble phosphates into solution (see p. 500). Plant 
roots probably also excrete enzymes such as ureases and phosphatases 
into the soil, but these may be introduced through the sloughing-off' 
and decomposition of dead tissue and not be aft actual excretion, 
though the separation of these two processes may be very artificial. 
Plant roots also probably supply the soil micro-organisms with some 
nutrients and growth factors, for they often carry a large microbial 
population (see p. 226), but although part of these nutrients may be 
excreted by the roots, the organisms may also take a proportion from 
the outer cells of the roots, possibly through the agency of fungi that 
have part of their mycelia within and part outside the roots. • 

Plant roots can also affect the organisms living in the soil. This 
subject has received very little study so far, but some information is 
available on the relation between the type of crop and wireworms.® 
Wireworms feed on the roots of most farm crops, but they cannot feed 
on flax or linseed roots. Beans, and perhaps peas, however, appear to 
excrete something into the soil that actually kills them, for A. C. Evans* 
at Rothamsted, found that a bean crop has a very powerful depressing 
effect on wireworm number — an effect not shown, for example, by 
linseed, whose roots are merely inedible to them. 

Plants can also excrete inorganic cations and probably anions as well. 
This has been proved for potassium, calcium and phosphates (see p. 29 
and p. 471) and probably ammonium,® and has been claimed for other 
ions, but with less satisfactory experimental evidence. 

* B. L. Hartwell, J. Amer. Soc. Agron., 1927, 19, 255, gives a summary of these results. 

* See, for example, M. I. Timonin {Soil Sci., 1941, 5*> 395)- 

* Sce*for example, A/m. Agric, Bull, 128, 1944. * Ann. AppL BwL, 1944; 3*> *35» 

‘ D. N. Prianischnikov, Trans, 3rd Int, Congr, Sci., Oxford, i935> *1 *®7> ^Irchr, Pflemz- 

^*'5-. 1934. A 33, t34- 
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Plants can therefore affect the pti. of the soil in which they are 
growing by two well-proven means; excretion of carbon dioxide and 
differential uptake of anions and cations. Claims have been made that 
by these processes the plant can change the /H of its medium from one 
unfavourable to one more favourable for its growth,^ but not enough 
work has yet been done on this subject to say how far this is a correct 
generalisation. 

Plant roots can also have two physical effects in the soil, l^ome can 
bind soil particles together into strong and characteristic crujnbs, and 
this is particularly marked with some grasses, an effect that hals already 
been discussed on p. 445, and some roots are such strong growers that 
they can penetrate even quite compact subsoils, and hence a succession 
of such crops can improve the drainage or aeration of the ^ubsoil. 
Lupins have been used in Germany to penetrate the hard pan under- 
lying some of their sandy soils; lucerne and sweet clover have been used 
in irrigated regions to improve the drainage through a compact 
subsoil, and trees are sometimes used in the tropics for the same purpose, 
so reducing the amount of rain that runs off the soil surface and in 
consequence its eroSive action.® 

The Effect of a Crop on its Successor 

Crops can influence their successors through the amount of water 
or available nutrients they leave behind in the soil and through their 
residues, which may be either beneficial or harmful. At one time 
various workers, such as de Candolle, assumed that plants could excrete 
toxins from their roots which remained in the soil for some time and 
which injured other plants of the same species, and that this was the 
reason why crops grew better in rotation than in continuous cropping. 
But C. G. B. Daubeny® at Oxford showed experimentally that this was 
not the correct explanation for the practice of crop rotation. He grew 
eighteen different crops continuously on the same plots, and compared 
the yields with those obtained when the same crops were shifted from 
one plot to another, so that no crop ever followed another of the same 
kind. No manure was supplied. The results showed a gradual decrease 
in the yield in almost every instance, and the decrease was generally 
greater when the crop was repeated year after year on the same plot 
than where it was shifted from one to another. Nevertheless, the 
difference between the yields in the two cases was not sufficient to 
justify any assumption of the existence of a toxin, except perhaps in the 

‘ See, for example, A. Koslowska, J. EcoL, 1934, aa, 396; H. Kascrer, Bodenk. PfiEmahr., 
ai-aa, 1941, 697. 

^ For a short bibliocraphy on this subject, see hub. Bur. Soil Set., Tech. Comm, aa, i93*' 

• Phil. Tram., 1845, p. 179. 
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case of Euphorbia lathyris; in the other seventeen cases it was attributed 
10 the more rapid removal from the continuous plots of the mineral 
nutrients required by the plant. This explanation was supported by 
analyses of the plant ash and of the soil— analyses which led to the 
important distinction between “available” and “unavailable” plant 
food. 

Farmers have, however, found by experience that crops grow better 
in rotation than in continuous succession. It is true that continuous 
cropping is possible: the Broadbalk wheat field at Rothamsted has 
already produced more than a hundred crops of wheat in succession 
with only a few fallows for weed control, and the Woburn Stackyard 
field produced more than fifty; but it is more difficult to secure good 
yields on Broadbalk than on Agdell Field, where wheat is grown only 
once in four-year rotation, other crops being taken in the intervening 
years (Table 123). But the cause of this benefit of the rotation is not 
due to the Broadbalk soil becoming “wheat-sick”, though a quantita- 
tive explanation of the benefits of rotational cropping has not been 
worked out. 

» 

TABLE 123 

Wheat Grown in Different Rotations but without Manure at Rothamsted 

(I) Grown Continuously (2) in Alternation with Fallow 
(3) in Four-course Rotation 

Average for the year 1851 and every fourth year thereafter until 1927 


Dressed grain in bushels per acre 


Continuous wheat 
(Broadbalk, Plot 3) 

Wheat after fallow 
(Hoosfield) 

Rotation wheat 
(Agdell Field, Plot 5) 
formerly 21-22 

11-3 

14-0 

24-0 


The one group of crops that cannot be long grown continuously on 
the same piece of land are the legumes, and in particular clover and 
beans. Land continuously cropped to clover soon becomes clover-sick, 
and the lower the soil is in organic matter, the sooner clover-sickness 
sets in. The cause of this clover-sickness is almost certainly due to toxic 
substances produced by the clover roots: it or they can be destroyed 
by heating the soil when moist to 70® C., or by air-drying the soil in 
thin layers, and new clover plants can be protected from its toxic 
effects if large quantities of farmyard manure are added to the soil, 
but the toxic substance itself has not yet been isolated.^ 

^ These remarks apply to clover-sick Woburn soils. I am indebted to H, G. Tliomton 
and H. H. Mann for these unpublished results. 
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The principal arable crop that affects its successors in English 
farming is clover; a one-year clover ley can improve the following crop 
very considerably due to the nitrogen it adds to the soil. This is shown 
in Table 124 / which gives the yield of wheat after fallow and after three 
different one-year leys from which either two hay cuts were taken or 
one hay cut and a bastard fallow, that is, the land was ploughed shortly 
after this cut, and the soil then kept bare and free from weeds until the 
wheat was sown. It also gives the nitrate nitrogen in the spil in the 
preceding October just after the second hay cut had been taken and 
just before the autumn rains had started to wash the nitrate into the 
subsoil. It shows that for the bastard fallow plots there is a general 
correlation between the nitrates in the soil surface in the autumn and 
the yield of wheat the following year. 


TABLE 124 

Effect of Type of Ley on Yield of Succeeding Wheat Crop 

Rothamsted, 1933 


Treatment in 1932 

TFallow 

Clover 

Clover and rye-grass 

Rye-grass 


Yield of wheat, grain In cwt. per acre 


One cut 

30-6 

25-5 

21-4 

18- 1 

Two cuts 

— 

25- 1 

18-9 

13-8 

Nitrate nitrogen in p.p.m. in surface 20 cm. of soil: October 1932 

One cut 

22-6 

21-3 

177 

13-6 

Two cuts 

— 

9-3 

77 

5-6 


Under some conditions the benefit of a one-year’s leguminous crop 
can be very large. Thus, T. B. Noonan® has given an example from 
New South Wales where the yields of maize and oat hay when grown 
in a three-course rotation with red clover were 50 per cent higher than 
in a two-course rotation, as shown in Table 125 . 

The residual effect of different legumes depends on the legume — a 
point which has already been discussed on p. 345 , and illustrated in 
Table 76 , gives some results obtained by T. L. Lyon in Cornell. These 
results showed that lucerne and clovers enriched the soil in nitrogen and 
benefited the succeeding crop markedly, whilst soybeans and beans 
taken for seed had little effect on the soil nitrogen and much less effect 
on the succeeding crop. And this result that annual leguminous crops 
taken for seed, such as beans, peas, soybeans and groundnuts, do not 
enrich the soil in nitrogen and do not have any appreciable beneficial 

’ E. R. Orchard, unpublished Ph.D. Thesis, London. 

* Gaz . 1946, 56, 527. 
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TABLE 125 


54 * 


Benefit of Red Clover in Increasing the Yields of Subsequent Crops 



Two-course rotation 

Maize — oat hay 

Three-course rotation 
Maize— -oat hay— red clover 


Total yield 
over 12 years, 
cwt. per acre 

Yield per 
crop, 

cwt. per acre 

Total yield 
over 12 years, 
cwt. per acre 

Yield per 
crop, 

cwt. per acre 

Maize . 

Oat hay 

Red clover 

89-5 

143-3 

14-9 

23*9 

94-2 

156-6 

4 grazing 
swards 

23-5 

39-1 

18 months at 
3 sheep per 
acre 


residual effect on succeeding crops appears to be generally true under 
many conditions. Thus, A. E. V. Richardson and H. C. Gurney ^ 
found at the Waite Institute, Adelaide, that i cwt. per acre of sulphate 
of ammonia increased the yield of wheat following a com crop by 
7 bushels per acre, following a pea crop 6 bushels per acre, and it had 
no effect on wheat following a fallow. This result calls into question 
the current explanation of the English tradition that beans are an 
excellent preparation for wheat on heavy land. Most unfortunately 
no critical examination of the effect of a bean crop on the succeeding 
wheat crop has been made, and the only English experiment that the 
author is aware of which can give any information on this subject is an 
early one at Rothamsted on Agdell Field. This field is in a four-course 
rotation, three of the courses being wheat, swedes and barley,’ whilst 
the fourth is either beans and fallow, each on half of the field, or is clover 
and fallow, again each on half of the field, tlic clover coming on the same 
area as the beans. The design of the experiment is very bad, and the 
results of the clover-fallow comparisons are not consistent with all recent 
Rothamsted work, such as Table 124, for, as shown in Table 126, clover 
appears to be considerably better than fallow, provided enough mineral 
manures are given to ensure a good clover crop, and this beneficial 
effect appears to be quite marked <three years after the clover has been 
ploughed in. Beans in this experiment also seem to be rather better 
than fallow for the succeeding crop, but they have no effect on the next 
two crops. Obviously these effects are sufficiently important, if they 
are genuine, to warrant a thorough examination of them, using modem 
experimental techniques. 

The length of time the beneficial effects of clovers last in the land 
depends on many circumstances. As already mentioned in the previous 

> Emp. J. Expt. Agric., 1933, i, i93. 3*5- 
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TABLE 126 

Residual Effects of Clover Compared with Beans and Fallow over a 

Four-course Rotation 


Agdell Fields Rothamsted 



Clover^ 
hay 
cwt. 
per acre 

Wheat 
grain 
bu. per 
acre 

Swedes 

roots 

tons 
per acre 

Barley 
grain 
bu. per 
acre 

Beans® 
grain 
bu. per 
acre 

Wheat 
grain 
bu. per 
acre 

Swedes 

roots 

tons 
per acre 

Barley 
grain 
bu. per 
acre 

Crop 

19 

24 


Bm 

IS 

26 

m 

27 

Fallow . 

— 

29 


■I 

— 

27 

Kl 

28 

Crop 

55 

Mineral f 
37 

ertllisers 

II 

only give 
28 

n to swe 
20 

des 

33 

r 

\ 

9 \ 

28 

Fallow . 

— 

35 

9 

19 

— 

31 

9 

26 

Crop 

Mine 

65 

ral fertili 
40 

sers and 
17 

nitrogen 

36 

given to 
24 

swedes 

35 

18 

39 

Fallow . 

— 

35 

18 

28 

— 

33 

19 

38 


paragraph, Rothamsted experiments in Agdell i'ield seem to imply 
that a clover crop yielding 3 tons per acre of hay is benefiting the land 
for at least three years, and the results of some Canadian rotation 
experiments in the moister regions of Ontario,^ also suggest a one-year 
clover ley can benefit the second and possibly the third crop following 
it. But at the present time it is probably wiser to assume that the 
second and third year residual effects of even a good one-year clover 
ley are small. However, as W. B. Goldschmidt and E. R. Orchard^ 
have shown, clovers can have an extensive root system which contains 
about the same concentration of nitrogen, phosphorus, calcium 
and potassium as the tops, and which can exceed the tops in weight. 
Hence, since the root system decomposes slowly in the soil, it will be 
releasing nitrogen and other nutrients over a long period. Clovers and 
the other pasture legumes differ from the annual seed legumes in having 
a much more extensive and heavier root system, and hence store in it a 
much higher proportion of the totaL nitrogen they fix; this may be the 
principal reason for the great difference in residual effects between 
them. Some old experiments at Rothamsted suggest that an old lucerne 
or clover ley will be benefiting corn crops for more than five years after 
it has been ploughed out,^ and a recent ley experiment on the light 
land at Woburn suggests that a three-year lucerne or grazed ryc-grass- 

^ Four courses beginning i874“82~86^4, 

® Six courses beginning 18544)2-70-78-90-98. 

^ P. O. Ripley, Sci. Agric., 1941, zt, 522. 

S. AJrica Dept. Agric.., Pamph. 222, 1940. 

H. Nicol, Ernp. J. ExpU Agric., 1933, i, 22. 
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clover ley may affect the third crop after it has been ploughed out, as 
is shown in Table 127. 

The residual effect of the ley, however, probably depends on the way 
it is managed, though this has received no investigation, for presumably 
a ley so grazed that clover is encouraged, particularly in the season 

TABLE 127 

Residual Effect of Three Years’ Ley or Three Years’ Arable on the 

Succeeding Crops 

Woburn (1941-56), Plots receiving no dung 

Previous cropping 3 year ley 3 year 3 year arable 

grazed lucerne cut including No seeds 

for hay year seeds ley 
ley 

First crop: Potatoes, tons per acre, 1941-56 

12-3 1 11-2 101 9-3 

Second crop; Barley, grain in cwt. per acre, 1942-56 

22-5 I 230 1 19-4 19-8 

Third crop: Poutoes, tons per acre, 1943-56 

11-2 1 9-9 9-4 9-4 

Fourth crop: Grain in cwt. per acre ! 

Wheat, 1944-8 . 13-9 I 12- 1 90 9-8 

Rye, 1949-56 . 32-7 330 30-3 2^-6 

Fifth crop: Sugar-beet, sugar in cwt. per acre, 1945-56 

I 38-3 1 37-9 33 9 

liefore it is ploughed out, will leave a larger beneficial residue in the 
soil than one grazed to encourage the grasses. 

In arid countries, different preceding crops can affect the yield of 
a succeeding one simply through the different amounts of water they 
leave in the soil. Thus, lucerne, by drying. out a soil very thoroughly 
*0 a great depth, can affect a succeeding crop adversely compared with 
maize, which is a crop that cannot dry out a soil as thoroughly. I^is 
is illustrated in Table 128,* which gives the results of some Canadian 

*P. O. Ripley, Sd. Agric., 1941, 21. 522. He also gives the results for rotations in the 
JTiore humid regions of Canada. For further examples of the complexity of predicting the 
»*f'sponse of wheat to lucerne and various grass leys when the leys affect both the nitrates 
the Ibil moisture available to the succeeding crop, see Canad. J. Res,^ * 939 # 
f or results similar to the Alberta ones, but secured in Saskatoon, see M. Champhn and 
A. Wall, Scu Agric., 1947, 27, 503 ‘ 
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experiments on the effect of various preceding crops on the yield of 
wheat, when the wheat crop is being limited by lack of water. Here 
lucerne is an undesirable, and maize a desirable crop, to precede wheat 
simply because their effects on the residual water in the soil are of more 
importance than on the nitrates. 

Crops can, however, have a harmful effect on a succeeding crop if 
they leave residues behind that lock up soil nitrates on decomposition. 
A well-known example of this is the depressing effect a crop of sorghum 
can have on its successor. Thus, H. E. Myers and A. L. Hallsted^ 
found that in a two-year rotation in Kansas, winter wheat yielded on 
the average 1 7 bushels per acre after maize, but only 1 1 1 b^hels per 
acre after kafir during the period 1918-41. J. P. Conrad- shewed that 
this effect is due to the liigh sugar content in the crown rodts of the 
sorghum; it was equivalent to nearly 2,000 p.p.m. of sucros^ in the 
top foot of soil just under the plapt and fell off to 1 5 to 20 p.p.m. 9 inches 
away. On the other hand, maize roots only returned the equivalent 

TABLE 128 

Effect of Preceding Crop on Yield of Wheat in Semi-arid Regions 


3-year average, Lacombe, Alberta 


Preceding Crop 

Yield per acre 

Yield of wheat in 
bushels per acre 

Fallow 

— 

38-2 

Maize 

87 tons 

34-6 

Potatoes . 

6‘0 tons 

29-8 

Lucerne . 

1 *4 tons 

23-6 

Wheat 

337 bushels 

227 

Grass ley . 

2-0 tons 

21-8 


of 2 to 3 p.p.m. of sucrose to the soil. This depressing effect of th(> 
sorghum is therefore due both to the locking up of nitrates by the soil 
micro-organisms as they decompose this sugar, and also to the unfavour- 
able soil structure that may ensue uhen these sugars arc decomposing.^ 
It can be rectified by adding nitrates to the soil, or, as Myers and Hall- 
sted also showed, by taking a leguminous crop just before the sorghum. 
Thus they found that, if oats followed sorghum grown after lucerne or 
sweet clover, there was enough nitrogen left in the soil from the lucerne 
or clover to provide for both the sorghum residues and the oats, but 
if soybeans was used as the leguminous crop, the sorghum residues 

^ Proc, Soil Sci. Soc, Amer,, 1943, 7, 31 G. ’ 

* Soc. Agron., 1927, 19, 1091; 1937, 29, 1014; 1938, 30, <|75- 

* J. F. Breazeale, J. Amer. Soc, Agrm*, 1924, 16, 689. 
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depressed both the nitrate nitrogen content of the soil and the yield of 
oats to about one-third of their normal values, for soybeans do not 
enrich the soil appreciably with nitrogen.^ 

Crops can enrich the soil for other reasons than increasing the 
available nitrogen supply to successor crops. Thus, some crops have 
considerable power of extracting nutrients from compounds that are 
relatively unavailable to other crops, and accumulating these nutrients 
in their leaves. Such crops can be used in place of general or specific 
fertilisers, and for this reason they may have a very important function 
in primitive and subsistence agriculture where no money is available 
for buying fertilisers. Examples of this have already been given. 
Thus, lupins are very good extractors of phosphate (p. 500), and some 
plants accumulate minor elements such as zinc in their tissues (p. 51). 
G. H. Gethin Jones® has given an example of the leguminous shrub 
Glycina javanica, which in nine years on a poor soil in Kenya added 
130 lb. of nitrogen annually, but also doubled the available phosphates 
in the top 9 inches of the soil as well as forming a litter very rich in 
phosphate and potash. 

The Interaction between Plants Growing Together 

Under natural conditions, plants always grow in association with 
those of other species: it is only in agriculture, and even then in the 
arable agriculture of the temperate regions, that the growing of pure 
stands of a single species of crop is traditional. Forests, prairies and 
even meadows and pastures more than a few years old always carry 
associations of many species of plants, and traditional cropping prac- 
tices of the peasants in subtropical and tropical countries usually involve 
planting several species of plants on the same ground.® 

Plants growing together, whether of the same or of different species, 
compete with one another both for space for their leaves above ground 
and for their roots below. Agricultural crops have naturally been 
selected through the ages for ability to withstand competition from other 
plants of the same species, though this is not true for many non- 
agricultural plants. Competition fdr light above ground is not always 
serious, as the leaves of many plants can synthesise carbohydrates in 
moderate shade. The factors involved in the competition for root space 
below ground have barely begun to be worked out yet. They include 
competition for nutrients and, in periods of drought, for water, but 

* For Airthcr examples which show that soybeans taken as a grain crop do not enrich the 
soil in nitrogen, see R. E. Uhland, Missovri Agrie. Expt. Sta., Bull. 279, 1930- /“^thw 
references, see H. B. BrowTi, Louisiana Agrie, Expt, Sta.y Bull, 265, 1935; F. S. Wilkins ana 
H. D. Hughes, J. Amer, Soc, Agron., 1934, 26, 901, 

* E, Afric, Agrit, 7 ., 1942, 8, 48. . 

® See H. Nicol, Emp, J, Expt, Agric,, 1935, 3, 189, for an account of some of these practices. 

S.C .— 19 



54® the effect of a growing plant on the soil 

they may also include the roots of one plant excreting soluble com- 
pounds into the soil that inhibit the growth of roots of many other 
plant species in its neighbourhood.^ This is probably the mechanism 
that reduces the interpenetration of the root system of neighbouring 
plants, for plants growing with neighbours close to them typically have a 
more compact root system than if their neighbours are more distant. 
These root-inhibiting substances are often somewhat specific, for in 
general the root system of a leguminous and a non-leguminous plant 
growing in a mutually tolerated association may interpenetrate very 
readily. 1 

S. C. Varma^ further found that the harmful effects of root ^excretions 
were most marked when the plants are in the seedling stage, \ and this 
is the probable explanation of the observation so frequently piade in 
the field, that even very small weeds can interfere with a gerifiinating 
crop more than one would expect from their power of competing for 
light and nutrients. Hence, the great importance of keeping weeds in 
control during the early stages of crop growth. 

The association of two crops growing together need not be harmful, 
particularly if theif root systems tap different layers of the soil, or if 
the soil is well supplied with water or nutrients. In general, no annual 
crop has its yield per acre increased by being grown along with another, 
although the total yield per acre may be increased. But perennial 
crops, such as shrubs and trees, may have their yields increased when 
grown along with a companion crop, if the second crop occupies a 
different volume of soil and air, as, for example, ground-cover crops 
under •orchards and tall shade trees over shrubs. 

The associations of most importance in arable agriculture are those 
in which a leguminous plant is grown with a non-leguminous and those 
in which weeds grow with a crop; but two non-leguminous species are 
also sometimes planted together. 

Taking two non-legumes simultaneously on the same piece of ground 
is an ancient practice, though it can hardly be used where the produce 
from each crop is to be sold separately. The old English maslin was 
a mixture of wheat and rye, and dredge corn is one of oats and barley, 
although peas or beans may be adfded to cither. There is little doubt 
that this practice often enables higher yields to be obtained. Thus 
C. A, Zavitz,^ working in Ontario, showed that provided one chooses 
varieties of oats and barley that come to maturity at the same time, 

^ See, for example, S. U. Pickering and the Duke of Bedford, Science and the Fruit Grower, 
London, 1919; S. G. Varma, Ann, Bot., 1938, z, 203; H. Oswald, Vaxiodlingy 1947, a, 288. 

^ Ann, Bot., 1938, z, 203. 

® J. Amer, Soc. Agron., 1922, 14, 225; Ontario Dept, Agrk., Bull. 332, 1927. R. H. Morrisn, 
Michigan Agric, Expt. Sia., Spec. Bull. 256, 1934, found the same result, but E. L. Worthen, 
Cornell Agric. Expt. Sta., Bulls. 748, 749, 1941 , and E. Knudsen, Tidsskr. Planteavl, 1 947 » 5 *» 33 * » 
found no advantage in using dredge corn over the higher yielding member of the pair. 
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the mixed crop of dredge com gives a higher yield of grain per acre 
than that of either of the two components, averaging nearly 2 cwt. 
per acre above the higher yielding member of the pair. T his benefit 
of growing two non-leguminous crops together can sometimes be seen 
when two legumes are grown together; thus, E. L. Worthen^ found 
that a mixture of red clover and alsike gave a higher yield of hay than 
either separately: over an eleven-year period they gave annual hay 
crops of 21 and 19 cwt. respectively, compared with 27 cwt. for the 
mixture. He considered the reason was that the mixed crop covered 
the ground better than either alone. 

The association of weeds with a crop is obviously of fundamental 
importance for all types of agriculture, and in this country alone weeds 
are responsible for a very considerable loss of yield on many farms. 
Weeds harm the crop by competing directly with it for light, water 
and nutrients, as well as sometimes by specific inhibitory effects on 
the crop’s root system of the type already discussed. Under semi-arid 
conditions the main harmful effect of weeds is usually competition for 
water, which is particularly serious when, as often happens with maize, 
the weeds can extract more water from the soil than the crop. Under 
English conditions the main competition is for light if the weed is as 
tall or taller than the crop, and for soil nitrates.^ In the latter case it 
is sometimes possible to neutralise any harmful effect of weeds simply 
by giving the crop a suitable dressing of sulphate of ammonia. Thus, 
sugar-beet can be grown almost unweeded without loss of yield on the 
light loam soil at Woburn if an adequate dressing of nitrogen is given, 
as shown in Table 129.® But this method of minimising the harm done 
by weeds, even if desirable, is not always possible, for it may happen 
that the weeds will be able to make better use of the added nutrient 
than the crop. T. Eden* has given an example of this in some Ceylon 
tea estates on phosphate-deficient soils: adding phosphate encourages 
some undesirable weeds more than the tea bushes, hence only the 
minimum quantity that will satisfy the requirements of the tea must be 
added. 

These two examples are special cases of the general problem of the 
dependence of the competitive po^er of different plants on the soil 
fertility. This problem is of particular importance in grassland manage- 
ment, for here the principal methods available for controlling the 


' Cornell Agrk, Expt, Sta.y Bulls, 748, 749, 1941. 

E. Blackman and W. G. Templeman, J. Agric, Sci., 1936, 26, 36S; 1938, 28, 247; 
H. H. Mann and T. W. Barnes, Ann. AppL Biol, 1945, 32, 15. r. n a 

* Mean of years 1940, 1941, 1943. Results for the first two are given by E. W. Russell, B. A. 
Keen and fl. H. Mann, J, Agric. Sci., 1942* 32, 330. F. Crowther (^Emp. J. * 943 > 

Jx, i) in the Gezirah found that cotton gave a larger response to nitrogen, derived irom the 
previous year's fallow, when weedy than clean, in confomuty with the above results at 
Woburn. * With T. E. T. Bond, EmP^ J. E:^. Agric,, 1945, X 3 > 
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TABLE 129 

Effect of Weeds and Nitrogen on Yield of Sugar-^beet at Woburn 

Yield of washed beet in tons per acre 


Sulphate of 

Crop kept 

Reduction of 

ammonia given 



yield 

in cwt. per acre 

Weeded 

Weedy 

due to weeds 

0 

11-68 

9-45 

2-23 

4 

15-47 

15-43 

0-04 j 


composition of old pastures depend on manuring and grazmg. The 
Rothamsted Grass Plots provide much information on the former;^ 
they show that unmanured poor meadow land carries a very mixed 
herbage: very many species can grow, but they all grow badly. As 
soon as fertiliser is added, the extra nutrients encourage some species 
at the expense of others, so the number of species falls, though the hay 
yield usually rises. 

The simple plant associations most commonly practised both by 
primitive and modern farmers is that of growing a leguminous and 
non-leguminous crop together. We have already discussed this asso- 
ciation from the point of view of its nitrogen economy in Chapter XVI. 
It was pointed out there that whilst much of the experimental data 
was consistent with the hypothesis that the non-legume could utilise 
nitrogenous compounds synthesised by the legume, yet it could equally 
well be interpreted as showing that the legume made no demands on 
the soil nitrates, and hence the reduced number of non-leguminous 
plants present in the association as compared with the pure crop, had 
a larger nitrogen supply to draw on. 

The outstanding facts of the legume-non-legume association estab- 
lished on p. 349 are that in general the nitrogen content of the non- 
legume is higher® and of the legume lower than it would be if grown 
as a pure crop, and that neither crop gives as large a yield in mixed 
culture as when grown alone, although the combined yield may 
be higher than either. It also appears, as is shown in Table 130, that 
on the whole, the yield of the legume is usually more depressed in the 
association compared with the pure stand than is the cereal, but it is 
possible this is a property of the particular associations that have 
been studied. 

^ The conclusions to be drawn from this experiment have been discussed by J. B, Lawes 
and J, H. Gilbert, P/itL Trans., 1880, 171, 289; 1882, 173, 1181; 1900, xgz B, 139 ? 
W. E. Brenchlcy, Manuring Grassland for Hay, London, 1924. 

* For wcamples ol grasses growing with clover, see Mississippi Agric, ExpU Sta., BulL 35 ^> 
1941, with Paspalurn; D. B. Johnstone Wallace, J. Amer. Soc, Agron., I 937 » 44 * ***“ 

R. E. Wa'gncr and H. L. Wilkins, ibid., 1947, 39, 141, wfth temperate grasses. 
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In the tropics other associations besides grass or cereal are used with 
legumes. Thus, groundnuts and cotton go well together in Madras 
and Tanganyika, and several legumes go with the tropical root crops 
such as cassava. It is, in fact, possible that some of the most striking 
benefits of mixed cropping may be seen on the poorer soils of the humid 
tropics, but little exact information is available at present. 

One other example of considerable practical importance of growing 
two crops together comes from orchard management, for under many 
circumstances it is profitable to have the ground between the trees 
carrying a crop. The cover crop can have a number of different 

TABLE 130 

Effect of Mixed Cropping on Yield of Cereal and Legume 

Yields of cereal and legume grain 
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effects on the tree. If it is leguminous it can maintain the nitrogen supply 
to the tree. Cover crops also protect the surface of the soil, keeping it 
more permeable. They also can enrich the surface soil in minor elements 
such as zinc, for their root system may be deeper than that of the tree, 
and hence able to tap a larger volume of soil and in consequence 
collect a larger quantity of any minor element in short supply. They 
can also increase the carbon dioxide content in the soil air and perhaps 
for this reason reduce chlorosis troubles on calcareous soils. 

They can also reduce the loss of nitrate by leaching froni the soil 
during the dormant season, and can be used to reduce tM nitrate 
content in the soil at any period during the growing season! but for 
these two purposes in particular, their periods of growth may \ have to 
be very carefully chosen, otherwise they may be competing v^ith the 
trees for water or nutrients. Thus, in England they are particularly 
liable to compete for nitrogen, and the techniques of cover-cropping 
and managing leys under trees must ensure that adequate nitrogen is 
available for the tree,^ 


^ For a recent examination of the effects of cover-crops on the growth and yield of apple 
trees in Kent orchards, see W, S. Rogers and Th. Raptopoulos, J. FomoL, 1945, 21, 120; 
1946, 22, 92, 103; with D. W. P. Greenham, ibid., 1948, 24, 22B, 271. 
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THE WEATHERING OF ROCKS 

Soils are derived from the decomposition of the mineral particles 
they contain and from the plant and animal remains added to them. 
The organic remains are usually being decomposed continuously and 
relatively rapidly by the soil organisms, and many of the mineral 
particles are also decomposing, but usually at a very much slower rate. 
The chemistry of these processes will be discussed in two parts: firstly, 
when the mineral particles are decomposing in the absence of organic 
matter, in which case the products of weathering remaining behind 
will be called a crust of weathering; and, secondly, when they are 
decomposing in the presence of organic compounds, when the process 
will be called soil formation. 

Rocks and mineral particles can suffer physical disintegration 
without change of chemical constitution. Solid rock is broken down 
into smaller particles by many means. It may suffer grinding in or 
under ice-sheets, and all the particles in boulder clays may have been 
produced by this action. It can be broken down into boulders by the 
expansive pressure of w’ater in any cracks freezing into ice, or by plant 
roots trying to expand in restricted spaces; and these boulders can be 
made still smaller by being knocked on to other stones on the bottom 
of rapidly flowing mountain or desert streams. The solid rock surface 
can lose some of its constituent mineral grains due to their different 
coefficients of thermal expansion, for they will expand and contract 
by different amounts during the diurnal temperature changes of the 
surface, which can be very large in deserts. The rock can also lose 
mineral grains by water dissolving the cements which bind them 
together in the rock. The individual mineral grains can be reduced 
in size by the grinding action of ic^ and by abrasion in flowing water, 
as already mentioned, as well as by sand-blasting in the desert. 

These finer particles produced by disintegration may then be carried 
away by wind, water or ice, and redeposited elsewhere as loess, 
alluvium or boulder clay. Or those on or near the surface of these 
deposits may be carried into lower layers with the percolating water. 

The mineral particles can also suffer chemical decomposition through 
the solvent action of the water itself, and through the reactions between 
the dissolved or suspended substances in the water, as, for eicamp e, 
oxygen, carbon dioxide, alkalis and organic acids, and the surfaces o 
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the particles. Some of these reactions can occur at depths of 30 feet 
or more below the soil surface, so clearly are of importance in forming 
the crust of weathering, whilst the effect of organic acids, and possibly 
of alkalis also, is only of importance near the surface and hence in the 
soil forming processes. 

The fate of the products of decomposition depends mainly on the 
rate of water movement through the soil: the greater the amount of 
downward leaching the higher the proportion of the products of 
weathering that are removed from the zone in which they wdre formed 
and either redeposited in lower layers of the soil or else carried with the 
percolating water into the ground-water and thus into the riveifs. Water 
movement is not the only agency causing movement of the pripducts of 
weathering. Plants growing on the soil counteract some of tlie down- 
ward movement brought about by the percolating water, for th^ir roots 
absorb some of the products of weathering from the subsoil and transfer 
them to their leaves and stems, which later fall to the ground and 
decompose, releasing these products of weathering in the surface soil. 
Burrowing animals, such as earthworms, termites and some rodents, 
also affect the distribution of the products of weathering consequent 
upon the mixing of soil from different layers which they bring about. 

The Formation of the Crust of Weathering 

As rain-water percolates through the soil it loses some of its dissolved 
oxygen and becomes enriched in carbon dioxide. This water causes 
three groups of reactions to take place on the surface of mineral particles 
over which it moves: hydration, oxidation and hydrolysis. The mineral 
surface takes up water molecules to form more hydrated minerals; all 
ferrous and sulphide ions become oxidised; and ions split off from the 
surface of the crystal lattices under the influence of the carbonic acid. 
The speed of these decompositions depends on the constitution of the 
mineral particles concerned, but increases with the temperature and 
the quantity of the percolating water. 

The exact chemistry of these decompositions has not been worked 
out. Thus, neither the way in whfch winter molecules become added 
to the ions forming the mineral lattice, nor the actual ions that split 
off the mineral lattice are always known in detail. Again, an acid clay 
particle close to a mineral particle appears to be a more powerful 
extractor of cations from the mineral than is carbonated water itself, 
so acid clays may act as weak catalysts in the hydrolysis of mineral 
particles.^ 

Rock particles do not all decompose uniformly easily. Small pat*ticles, 
* E. R, Graham, Soil ScL, 1940, 49, 277; 1941, $ 2 , 291. 
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by virtue of their increased surface area for a given weight of material 
decompose more easily than larger ones. Among the common pr imar y 
minerals, the ferro-magnesian weather comparatively ezisily, olivine 
usually weathering more easily than augite or horneblcnde. The 
calcium-rich plagioclase felspars weather more easily than the sodium- 
rich, and both weather easier than the potash felspars. Of these the 
orthoclase tends to weather quicker than microcline, which is relatively 
resistant to decomposition. The biotite micas tend to weather more 
easily, and the muscovite micas more slowly, than orthoclase. ^ Quartz, 
if not too finely divided, and some heavy minerals, such as zircon, 
tourmaline and some of the titanium minerals, are very resistant to 
weathering and decompose only slowly under conditions very favourable 
for the decomposition of the other minerals.® 

The process of weathering involves two stages: the hydrolysis of the 
minerals and the disposal of the products of hydrolysis. Some products 
are very soluble in the soil water, for example, chlorides and sulphates, 
and as fast as these are produced by hydrolysis they appear in the soil 
solution and move with it. Other products, such as the principal cations 
sodium, potassium, magnesium and calcium, can bd held as exchange- 
able bases on being set free, and they are relatively easily removed if 
the soil is subject to much leaching. Soluble silica is also produced 
and may move out of the soil. Finally, certain products, such as 
hydrated iron and aluminium oxides, tend to accumulate in the crust 
of weathering as the other elements are removed.® 

These stages in the process of weathering of rocks can be seen from 
the analysis of the products of weathering of igneous rocks within the 
crust of weathering. Table 13 1 gives the analysis of three similar rocks 
and of their weathering products for conditions of slow weathering in 
Massachusetts, of moderate weathering in Virginia and rapid w’eather- 
ing in British Guiana. The table also gives the percentage loss of each 
constituent on the assumption that no aluminium in two cases, or iron 
in the third, has been lost from the soil. 

This assumption is not quite accurate, as small amounts of iron and 
aluminium are found in the drainage waters,* so that the percentage loss 
of constituents of the rock given in thtflast column of the table is certainly 
an under-estimate. In these examples one can see how the hydration 

' See, for example, S. S. Goldrich, J. Geol., 1938, 46, 17; F. J Pettijohn, J. GeoL, 1941, 
49. 610. 

“ See, for example, F. J. Pettijohn and also F. Smithson, Geol. Mag., 1941, 68, 97. 

’ For a hirther discussion of this aspect, see B. B. Polynov. 'I he CveU oj Weathering, trans. 
A. Muir, London, 1937. , „ , , 

‘ A. Demolon and'E. Bastisse {C.R., 1944. ai 9 . =93) have given analyses of the alu^ium, 
iron and silicon contents of water that has percolated through 60 cm. of roil, oec afro 
J. S. Jofft, Soil Sci., 1940, so, 57, and Aoe. Soil Sci. Sac. Amer., 1941, 5 . *87 for other exampl^ 
p- S. Howard, Tram. Amer. Geophys. Union, 1948, *9, 375. 379 . ^* 1 ® ‘T alumm- 
mra contents of the Colorado River and rivers in the north-west of the U.S.A. 
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of the products of weathering increases, how the bases are removed 
very strongly under moderate weathering, how the silicon is lost more 
slowly than the bases, and how the loss of iron does not seem to depend 
very much on the conditions of weathering. 

The relative resistance of iron and aluminium to removal during 
weathering is not always as given in Table 13 1. Sometimes more 


TABLE 131 

The Different Rates of Removal of Constituents from Bosjc Rocks 

during Weathering \ 


Diabase from Massachusetts* Diorlto' from Virginia* 




Fresh 

rock 

Crust of 
weather- 

Per cent 
lloss of con- 

Fresh 

rock 

Crust of 
weather- 

f er cent 
[loss of con- 



ing 

stituent 

ing 

stituent 

AIA- 


20-2 

23-2 

Standard 

17-6 

25-5 

Standard 

ffisOa- 

FeO . 


3-7 

8-9 

12-7 

00 

} 181 

16-8 

19-2 

21-0 

SiOa . 


47-3 

44.4 

180 

46-7 

42-4 

37-0 

MgO . 


3-2 

2-8 

21-7 

51 

0-2 

970 

CaO . 


71 

6-0 

25-9 

9-5 

0-4 

97-0 

NajO. 


3-9 

3-9 

12-8 

2-6 

0-6 

850 

K ,0 . 


2-2 

1-7 

29- 1 

0-5 

0-5 

390 

Loss on ignition . 

2-7 

3-7 


0-9 

10-9 


Per cent 

of rock 







lost 

, , 



14-9 



37-5 


Dolerite from British Guiana* 


AIjO, 

Fresh rock 

15-2 

FcjjO. 

31 

FeO 

11-2 

Quartz 

1-6 

Combined SiO^ . 

49-7 

MgO 

5-6 

CaO . 

9-6 

Na*0 

21 

K ,0 . 

0-6 

Loss on ignition. 

0-3 

Per cent of rock lost 



Crust of 
weathering 

26*9 

27-9 

31 

13-2 

7-9 

0-7 

0-5 

0-8 

0-3 

17-3 


Per cent 
loss of each 
constituent 

12-3 

standard 

820 

940 

97-0 

820 

730 

50-6 

49-5 


1 G. P. Merrill, Koeks, Rock-Weathering and SoUs, New York, 1897. These are also given 
in 'F.'W. Claike, Data of Geockemisby, US. Geot. Surv., Bull, jyo, ^ 

• J. B, Harrison, The Katamorphism of Igneous Rocks Under Humid Tropual Cond > 
Harpendcn, 1934. 
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iron than aluminium is removed from the crust of weathering, and some- 
times titanium is the least mobile.^ Thus, in the weathering of an amphi- 
bolite in Georgia, U.S.A., if one assumes the iron has all remained in the 
crust of weathering, then 57 per cent of the silicon, 40 per cent of the 
aluminium, and ii per cent of the titanium have been removed. ^ 
Some of the products of weathering move with the percolating water 
into the ground-water and thus into rivers. Hence, analyses of the 
dissolved salts in rivers emerging from catchment areas on a definite 
rock type would give valuable information on the rate of weathering 
in situ, provided the analyses were made at a number of times during the 
year and the river was gauged, that is, its flow measured. Unfortun- 
ately, data of this type do not seem to have been collected. However, 
F. W. Clarke® has tabulated many analyses of the salts in large rivers 
and, assuming that these analyses are typical for the average salt 
content throughout the year, has calculated the average rate of removal 
of the soluble products produced by weathering over large catchment 
areas. Thus, European and North American rivers carry away salts 
at the rate of 100 tons of soluble inorganic substances per square mile 
of their catchment area per year, which corresponds to the solution of 
one foot of soil in about 20,000 to 30,000 years, whilst tropical rivers, 
owing to the much higher transpiration of the vegetation growing in 
their catchment areas, only carry away about 50 tons per square mile 
per year. The actual weight of the soluble constituents so removed, 
converted into the more convenient units of pounds per acre per year, 
are approximately as follows; 


CO, so, 

N. American and European 
rivers . . . , 130 49 

Amazon . . . 57 15 

Drainage water, Broadbaik, 
continuous wheat, un- 
manured plot*^ — 56 


Cl 

NO 3 

Ca 

Mg 

Na 

K 

AlgOg-f 

Fe.Ps 

Si 

17 

3*5 

73 

12 

21 

8 

5^ 

15 

10 

11 

33 

4-5 

9 

4 

10 

16 

24 

152 

159 

7 

iO 

3 

13 

12 


Thus, in spite of the fact that the Amazon only carries half as much 
salts per square mile of catchment area as the temperate rivers, yet it 
carries away as much silicon and twice as much iron and aluminium per 
square mile. This result is naturally a corollary of the results given in 
Table 13 1, and the previous paragraphs, for the course of decomposition 


^ For an example on the Hawaiian lavas, see G. J. Hough, P. L. Gilc and Z. G. Foster, 
Dept, Agric., Tech, Bull, 752, 1941. ^ ^ ^ 

“ L. T. Alexander, S. B. Hendricks and G. T. Faust, Proc, Soil Set. Soc, Amer,^ * 94 ^> 52* 

* Data of Geochemistry, ^ « tt j 't- a 

* Iron and aluminium not separately determined. However, C. S. Howard, Irons, Amer, 
^f^ophys,JUnwn^ 194^1 *9* 375> firids the iron content of the waters of nvers in the western 
'States of the U.S.A. to be only between 1 and 5 per cent of their silicon comets. 

* Calculated from the mean of five samples analysed by A. Voelcker, J, Chem, Soc,, loyi, 
24, 276. 
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under intense, as compared with mild, weathering. Under humid 
tropical conditions when basic igneous rocks arc being weathered, the 
rate of decomposition can be much higher than is indicated in this table. 
Thus, H. W. van der MareU found that biotite and albite-anorthite 
rich rocks weather rapidly enough to liberate over 200 to 250 lb. per 
acre of potassium. Under the cool temperate conditions of Versailles 
broken granite, in a lysimeter only 60 cm. (about 2 ft.) deep, loses silicon 
at the annual rate of 17 lb. per acre and calcium at 1 10 lb. per acre.* 

Not all the soluble products of weathering are immediately trans- 
ported into the ground-water and the rivers: some are repiecipitated 
lower down in the soil and some recombine, either where mey have 
been produced, or lower down in the soil, to form secondary minerals, 
such as clays, that are resistant to weathering. Thus calcium carbonate 
and sulphate dissolved from the surface soil are often precipitated in 
the subsoil, particularly when the rainfall is so low that little water 
penetrates beyond the root range of the plants. 

The factors controlling the type of clay mineral synthesised, and 
its rate of formation, under different field conditions have not yet been 
studied intensively.' The general rule appears to be that montmoril- 
lonitic clays are produced in the presence of a good, and kaolinitic of 
a poor, base supply.® Thus montmorillonitic clays are usually found 
in areas of poor drainage, which ensures a good base supply, and 
warm climates, which ensures that weathering will be active enough 
to produce a good supply of silica and hydrated iron and aluminium 
oxides. Whether or not the ferrous iron, which is also produced under 
these conditions, plays a fundamental role in this synthesis is still 
undecided. The montmorillonitic clays so produced become increas- 
ingly mixed with illite-like clays as the proportion of aluminium in 
4-co-ordination increases, that is, as the clay becomes more beidellitc- 
like. Kaolinite clays are formed under conditions of a low concentration 
of bases, that is, in well-drained areas, though as the base status at the 
site of synthesis rises, so illite-like clays tend to be formed along with the 
kaolinite. The illite clays thus form the intermediate group between 
the pure kaolinites of strongly lea.ched, low base soils and the pure 
montmorillonites of the poorly drained, high base soils. 

Illitic clays are also produced directly from micas and perhaps 
felspars as well. D. M. C. MacEwan* ^ been able to follow the 
transition of a biotite through hydrobiotite or vermiculite into an illite, 

' Soil Set., 1947, 64, 445. * A. Demolon and E. Bastiise, Soil Sci., 1938, 46, >■ 

• For examples from Australia, see J. S. Hosking, Aiut. J. Cetme. Sci. Indiat. Res., 194^. 
13, 206; from India, G. Nagelschmidt;, A. D. Desai and A. Muir, J. Agrk. Seu, 1^0, 30, 
639; from Russia, I. D. Sedletdcy, Pedology, 1942, Nos. 3-4, 61. For a discui^on, see 
G. Nagelschmidt, I«qt. Bur. Soil Sei., Toeh. Comm. 42, 1944; C. S. Ross and S. B. Hendricks, u.S. 
Gtol, Suro^, Prof. Paper 205 B, 1945. 

‘ Verre et Silic. Indust., 1948, 13, 41. See also G. F. Walker, Miner. Mag., J949, a8> 693- 
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a process in which it is not necessary to assume that the basic lattice 
has been completely broken up. 

The silica and the iron and aluminium hydroxides taking part in the 
clay synthesis do not need to be produced at the same place, for silica- 
rich water, leaching through the aluminium hydroxide left behind as a 
residual product in the crust of weathering, can convert it into kaolinite. 
Thus, J. B, Harrison,^ working in British Guiana, F. Hardy and G. 
Rodrigues^ in Trinidad, and L. T. Alexander and his co-workers® in the 
south-eastern States of the U.S.A., found that the gibbsite produced in 
the crust of weathering of basic igneous rocks becomes converted into 
kaolinite by this means. 

The effect of the climate on the rate of formation of clay and on its 
composition depends on the amount and the temperature of the 
percolating water. The greater the amount of water leaching through 
and the higher its temperature the greater is its power of decomposing 
rock minerals, the more rapid is the formation of clay, and the lower is 
its silicon content, that is, the higher the ratio of kaolinitic to illitic clay 
formed. 

The quantitative relationships between the rate of clay formation 
and its composition with such fundamental quantities have not yet 
been worked out. What has been done is to make very crude estimates 
of the two primary variables — the absolute amount and the temperature 
of the percolating water — and to look for correlations between them and 
the amount and composition of the clay in the soil over areas where the 
parent material is reasonably similar. The approximations that have 
usually been made are to replace the temperature of the percolating 
water by the mean annual temperature, and to estimate the amount of 
percolating water from some very inexact assumptions connecting it 
with the mean annual rainfall and either the mean annual temperature 
or moisture saturation deficit of the air.* 

H. Jenny® has used this type of method to show how the amount of 
clay in soils derived from granite and gneisses in the United States 
iiicreases with temperature and percolation. Little clay is formed 
unless the mean annual temperature is above 5*^0., and appreciable 
amounts are only formed when it exceeds i o® C. Again, E. M. Crowthcr® 
and others^ have shown that the silicon-aluminium ratio in clays 
decreases as the rainfall increases. But the effect of temperature has 

^ The Katamorphim of Igneous Rocks Under Humid Tropical Conditions. 

*Soil 1939, 4$, 361. ^ 

® L. T. Alexander, S. B. Hendricks and G. T. Faust, Proc. Soil Sci. Soc. An^,t * 94 *» 

* For a discussion on these methods, sec H. Jenny, Factors of Soil Formation^ New York, 1941. 

* Soil Sci., 40. 1 1 1, * ^ 91 - •S'of., I 930 » * 0 ? *• 

’ For example, VV. O. Robinson and R. S. Holmes, U.S. Dept. Agrk.,Buil. 

1 - C. Baown and H. G. Byers, U.S. Dept. Agric., Tech. Bull. 609, ^ V^derlbid 

and W. A. Albrecht, Missouri Agric. Expt. Sta., Res. Bull, 345, 194^; S, P. Raychaudhuri and 
J- N. Chakravorty, Indian J. Agric, Sei.^ 1943, 13, 252 
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not yet been unequivocally demonstrated. Thus, using the same data 
but different methods of computing the amount of rainfall that per- 
colates to the ground-water, Robinson and Holmes concluded that, for 
constant amount of percolation, the silicon-aluminium ratio of the clay 
decreases with increasing temperature, whilst CroWther concluded it 
had no influence — a conclusion difficult to justify on physico-chemical 
grounds, but probably due to the method of estimating the amount of 
percolation being unsatisfactory. 

B. B. Polynov^ has pictured the process of the formation of a crust 
of weathering from parent rock occurring in four stages, ealch charac- 
terised by a typical accumulation product. The first stage involves the 
loss of all readily soluble products of weathering, such as chlorides and 
sulphates, and the accumulation of calcium carbonate pri^cipitated 
some depth below the surface, and often of calcium sulphate, as^gypsum, 
at a greater depth. The second stage involves the washing out of the 
calcium carbonate and the formation of clay under neutral conditions; 
that is, the accumulation of beidellitic and illitic clays. The third stage 
involves the washing out of the exchangeable bases, so the clay becomes 
acid and weathers* to kaolinitic clays which accumulate, whilst the 
fourth stage involves strong removal of silicon and the accumulation 
of meta-halloysite,^ bauxites and haematites. This stage is only 
developed under conditions of long-continued leaching under tropical 
conditions, conditions which also give very deep crusts of weathering. 

Laterites and Ferrallites 

%> 

These processes of rock weathering and mineral synthesis are very 
clearly displayed in the tropics, for these regions contain many old 
peneplains that have been subjected to weathering for very long periods 
with little disturbance. Further, weathering proceeds much more 
vigorously there, for the soil temperatures are much higher than in the 
temperate zone. Vageler states that in the regions lying between lati- 
tudes 20°N. and 20° S. the soil temperature at a depth of 1-5 metres is 
nearly constant throughout the year at between 25° and 26® G., whilst in 
England the mean temperature at tiiis depth is about 1 0“ C. Thus, these 
weathering processes have produced crusts of weathering over 60 feet 
thick in places from solid rock. Studies of weathering are particularly 
profitable in many of these regions as the parent rock is primary crystal- 
line rock and not merely residual products of weathering of previous 
geological periods. 

^ The Cycle of Weatherings trans. A. Muir, London, 1937. 

* I. D. Sedletsky {Pedology, 1942, Nos. 3-4, 61) has pointed out that mcta-halloyfite, and 
not bauxite, as assumed by Polynov, is thi probable product of accumulation from tlic 
weathering of kaolinitc. 
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Two different types of primary crusts of weathering arc produced 
from igneous rocks: those giving aluminium hydroxide residual products 
or bauxites, and those giving kaolinites, the former being characteristic 
of basic and the latter of acidic igneous rocks. There is no generally 
accepted evidence *that kaolinites ever lose their silicon by weathering 
leaving aluminium hydroxides behind as their residual products of 
accumulation. This division between bauxitic and kaolinitic residual 
products depends on the weathering of the individual mineral particles 
in the rocks, and as there is an assortment of different minerals, so it is 
possible to have bauxites and kaolinites being formed from the same 
rock. 

The actual forms of the residual products of weathering appear to 
be as follows. The kaolinites are probably present as halloysites; free 
silica recrystallises as quartz, opal or chalcedony; the aluminium 
is present mainly as gibbsite or hydrargillite, although bohmite 
Y-AIO(OH) and diaspore a-AlO(OH) may also be present; and the 
iron is present mainly as limonite FeO(OH) and haematite FejOa, but 
some may be present as magnetite remaining from the origin^ minerals, 
and some combined with titanium as ilmenite. Nb iron silicates have 
yet been isolated or recognised in these crusts of weathering, though 
F. Hardy and G. Rodrigues^ considered they had evidence for an iron 
silicate of composition 2Fe2O3.SiO2.2H2O, which corresponds to no 
known mineral. However, a high proportion of the iron present can 
usually be brought into solution by Truog’s or Tamm s rnethod, and 
it is possible that if the material was thoroughly treated with Tank’s 
acid oxalate using Schofield’s technique (see p. 79), most of Ae iron 
would come into solution, but this point has not yet been established. 

There are probably all transitions between the two extreme types of 
crust of weathering— the kaolinitic and the ferruginous bauxite— and 
they give soil material having colours ranging from almost pure white 
or very light yellow or brown, through brown to red of varying intensities 
to almost purple. The individual particles are all small, mainly m the 
fine sUt and clay fractions, as they are all secondary products of weather- 
ing, but they are cemented together into larger particl^ sometirncs 
called pseudo-sand because they act as sand particles— by iro" 
cements and possibly aluminium and silicon hydroxides also, althou£ 
this has not yet been definitely proved. Hence, these soi s o no 

the general properties of clays: they are not plastic, do not swell on 
wetting, are permeable, have a very low base ^change capacity, an 
arc eafy to cultivate. When the material is red the soil often called 
a tropical red earth or loam, and when the amount o ao im P 
is Wit has been called a laterite, but for reasons to be discussed shortly, 

» Soil Set,, 1939, 4 *. 483* 
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it will be called a ferrallite instead, a name used by G. W. Robinson^ 
in the third edition of his book. Ferrallites are oidy formed from the 
weathering of basic igneous rocks on well-drained sites, and are only 
deeply developed on ancient peneplains, which ^ fairly level and 
extensive land surfaces. They are not formed if the crust of weathering 
is subjected to strong ground-water influences, for ground-water nearly 
always contains water-soluble silica, which reacts with the aluminium 
hydroxide to form kaolinitic clays, as already described on pu 557. 

The word laterite, which has been so extensively used by pedologists, 
was first coined by F. Buchanan,® a geologist, in 1807 for a reddish to 
yellow material with a typical vermicular structure, which isSas soft as 
cheese when freshly exposed, but which hardens on exposure to air. 
It is extensively used in India as a building stone, and Buchan^ coined 
the word laterite from the Latin word Later — a brick, from this use. 
In Malabar it is derived from acid igneous rocks such as granites and 
gneisses; is somewhat similar to what a geologist calls a lithomarge, 
contains between 30 and 50 per cent of kaolinite with 15 to 40 per cent of 
iron oxides, sometimes a little free aluminium hydroxides, and some 
quartz and unweatflered felspars; and it may have been formed under an 
indurated iron pan, but if it was the pan has disappeared. The cause 
of the hardening on exposure to air has not been established, though it is 
probably due in some way to the dehydration of some of the hydrated 
iron oxides present. 

The word laterite is, however, used by the geologists in a different 
sense from Buchanan’s.® For them it is an indurated ferruginous crust 
or hard pan, most typically lateritic when it contains mainly bauxite 
and hydrated iron oxides. Hence in constitution it approaches the 
ferrallites described above, but it is a hard crust, not a friable earth, 
having either a pisolitic or vermicular structure. A pisolitic laterite 
contains spherical masses of soil material cemented together with 
hydrated iron oxides, formed at approximately equal distances apart, 
in a porous clay matrix. These special masses grow outwards until 
they touch each other, but the spaces between the masses never fill up 
completely, so the whole always remains porous. These particles vary 
in size between 3 and 10 millimetres, and if these particles are not 

'^SoUs; Their Origin, CmstUution and ClafStficeHon, 3rd ed., London, 1. C. E. Kellogg 
^Commoitw. Bur. SoUSci., Tech, Comm. 46, 1949, and IM.EJi.C. Ser. Sd. ', _ A, 46, 1949) has 
introduced the name Latosol for leached rra and yellow tropical soib. 

• A Journ^from Madras timnah the Countries 0/ Mysore, Canena and Maltdrar, 3 vob., London, 
1807. C. S. Fox revisited Bu<£anan*s orinnal sites in 1933 and published his obswations 
in Rec. Geol. Sun. India, 1936, 69, 38^. This pubiicatitm quotes the relevant entries from 
Budianan’s book and gives some chemical analyses of the type material, and has been freely 
drawn upon in the above paragraph. 

* See, for example, J. M. Campbell, Aftavtg A/qg., London, 1917, 17,67, lao, 171, 220, and 
C. S. Fox, Mem, Geol. Swrv. India, 1923, 48, aai, who gives an extensive biWiograjdty oo the 
subject. 
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The profile and carbon content of a prairie and a hardwood forest 
soil on a silty loam in Iowa (Tama and Fayette Series respectively) 
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Platt xxvin 



Nddular or pisolitic laterite with larger cavities, from the South Gate of Pimai, Nakorn Rachasima Province. North- 

eastern Slam, bulk in the ninth and tenth centuries A.D. 
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Plate XXIX 



Part of a quarried block of vesicular laterlte from the city wall, built about 150 years ago, Muang Gao, Chantaburl 

Province, South-eastern Slam 
ip. 561) 
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(p. 579) 
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Strongly ceincnted together, the material is often known as pea iron 
gravel in Africa. The vermicular, or as it is sometimes called, vesicular 
laterite, is more solidly indurated with iron and perhaps aluminium 
oxides and hydroxides, but contains many tortuous channels through 
this ironstone, which are often filled with a light-coloured bauxite, 
kaolinite or quartz. The reason for these two different types of laterite 
is not known, but it is possible that the vesicular is brought about in 
some way by termite activity.* 

This type of laterite is only found in regions of fluctuating ground- 
water, and it is formed near the highest level the ground-water reaches. 
It is for this reason often called a ground-water laterite in soil literature. 
The zone through which the ground-water level fluctuates may be as 
thick as 50 feet, as, for example, in parts of India having a high monsoon 
rainfall, and a proportion of the iron it originally contained has been 
moved out from it into the laterite horizons above; but this removal 
and deposition takes place unevenly, for the zone is streaked with red 
or redtfish colours on a white to grey background. 

There are several descriptions of laterites in the geological and 
pcdological literature which are considered to be Buchanan laterites. 
The author unfortunately has not visited Malabar, so has not seen the 
type area, but he was able to visit a laterite quarry in Malacca in 1949. 
This laterite has been described by J. B. Scrivenor,^ who quotes T. J. 
Newbold’s opinion that it was the same material as occurs in Malabar. 
Yet this laterite appeared to be a pea iron gravel. We could not see 
what underlay this laterite in the quarry where it was worked, but 
close by in another quarry was a vermicular laterite, which was*being 
quarried for road metal. Further, the pisolitic and vermicular laterites 
described by R. L. Pendleton and S. Sharasuvana® as used for building 
stone in Siam, two of whose photographs are reproduced in Plates 
XXVIII and XXIX, appear to be the laterite of the pologists rather 
than Buchanan. It is possible therefore that Newbold in Malabar mis- 
took the laterite crust overlying the lithomarge for the Buchanan laterite. 

Soil science, therefore, has to deal with three laterites. There Ls the 
ground-water laterite, which possesses a horizon indurated with iron, 
and containing in ad^tion quartz, kaolinite or bauxite, depen(fing on 
the parent material and drainage conditions. It may be very thick and 
can be formed on any parent material containing sufficient iron com- 
pounds. Then there is the deep red soil, rich in iron and aluminium 


‘ I am indebted to Dr. R. L. Pendleton for drawing my attention to this poMibility. 

‘J. B. Scrivenor, Th$ Geohgy of Md fa, London, 1931, who quotes * 
material given by T. J. Newbold, Brim SettlmenU m Malacca, VoL 1, 1839, who states that 
diis laterite is the same as Buchanan’s on the Malabar coast. 

’ Hoil Sci., 1 943, S4> i; 1946. Sa. 493- a descnption of what appeaw to m simlM 
material in Ceylon, locally known as Cabook, see A. W. R. Joadum and S. Kandtah, Trap. 
As’icit, 1941, 96, 67. 
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hydrated oxides and low in kaolinite, and therefore possessing a low 
silica-sesquioxide ratio, which is only formed on basic igneous rocks 
under conditions of good to moderately good drainage, and is only 
deep on old peneplains. But these soils usually occur in regions of high, 
or seasonally high rainfall, so they nearly always show signs of impeded 
drainage in their subsoil. This characteristically causes a horizon con- 
taining small pea iron gravel concretions, whose concentration increases 
with increasing amount of impedance in the drainage, which overlies a 
deep reticulately mottled red to whitish layer becoming Whiter with 
depth due to the increasingly complete removal upwards \of the iron 
initially present in it. The white material is mainly kaoiinitic clay 
formed by the re-silication of the aluminium hydroxides in t^e ground- 
water. The reticulately mottled zone is probably Buchanan'fs laterite, 
often only weakly developed, for it dries out to hard lumps very 
resistant to weathering, and for this reason it is most important to 
prevent the surface of eroded red soils of this type ever being exposed 
to the sun during dry weather. P. E. Vageler,^ H. Erhart^ and E. C. J. 
Mohr® all give coloured plates iUustrating this type of soil in their books. 
• 

Weathering in the Soil Zone 

So far we have only been concerned with the weathering brought 
about by the percolating water containing dissolved oxygen and carbon 
dioxide, and this weathering can take place from the surface down- 
wards to considerable depths. But this is not the only process of weather- 
ing taking place in the superficial layers of the soil. In the first place, tlie 
roots of some plants can hydrolyse some of the minerals they come in 
contact with, removing more of certain nutrients, such as phosphates and 
possibly also potassium, from the surface of the particles than can the 
bicarbonate in the soil solution. In the second place, organic matter 
derived from the vegetation is being decomposed by the soil organisms, 
and both the process itself, and the products of the decomposition, will 
affect the weathering. In the third place, plant roots are continually 
removing nutrients and other products of weathering from the root 
zone and incorporating them in thfcir aerial tissues, which fall on to the 
soil surface at death. Thus, naturail vegetation produces a continuous 
circulation of certain substances in the surface soil and so counter- 
acts to some extent their washing out in the downward percolating 
water. 

There are not a great many reliable figures to indicate the magnitude 

* Cnmdriss der tmpischen tmd subtrofnschm Boden, 2nd ed., Berlin, 1938, ist ed. translated by 

H. Greene, An Introduction to Tropical SoHs^ London, 1933. • 

* Trmii der Pidologie, 2 vols., Strasbourg, 1035 and 1937. 

* De Bodm der Tropin in het Algmeen, Vol. I, Part 2, Amsterdam, 1933. 
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of this annual return of nutrients under natural conditions. One can, 
however, make some estimates that must be treated with caution. Thus*, 
in Table 122, on p. 536, meadow hay, giving i|-ton crop per acre, 
which is not a heavy crop, has an ash content of 200 lb. per acre, and 
this contains about *27 lb. of silicon, about 80 lb. of cations, and prob- 
ably only a few pounds of iron and aluminium. Natural prairies 
would probably return at least this quantity of minerals every year when- 
ever the rainfall permitted reasonable growth. Forests also seem to return 
about 200 to 300 lb. per acre of minerals to the soil each year in their 
leaf fall,i but the proportion of cations to silicon in the dead leaves 
appears to vary between wide limits. E. Wolff,® in 1871 and 1880, 
collected together many ash analyses of forest leaves and litter and 
found silicon contents varying from 5 to 35 per cent, correspon din g 
lo silica content about double this, with 10 to 20 per cent being a 
common range. The few more recent determinations available all 
indicate great variability in silicon content, the causes of which have 
not been analysed out. Returns of up to 50 lb. per acre of silicon, and 
55 lb. per acre of calcium are probably not uncommon under hardwood 
forests, whilst under coniferous forest the annual return of calcium may 
be under 25 lb. per acre, and probably considerably less than this on 
very acid soils. The annual silicon return under these conditions is very 
variable. The amount of iron and aluminium returned is probably 
under 2 per cent of the total minerals, but these figures are again 
uncertain, particularly those for aluminium. 

It is interesting to compare these figures of annual circulation of 
calcium and silicon with the amounts carried away by rivers, giyen on 
P- 555 * Over catchment areas as a whole it appears that the average loss 
of calcium per year into rivers is of the same same order of magnitude as 
the amount in circulation, but the loss of silicon is probably only about 
a half of that in annual circulation. 

Living organisms have two direct effects on the weathering of the 
mineral particles in the soil zone. In the first place, they respire carbon 
dioxide and take up bases, and hence by acting as centres of powerful 
base extraction, cause the residual mineral to weather more easily. 
Secondly, they may excrete acids •capable of bringing into solution 
compounds which are relatively insoluble in carbonic acid solutions. 
I hus, as will be discussed in more detail on p. 574, organic acids such 
as oxalic, tartaric and citric, which can disperse iron and aluminium 


* The figures quoted here and lower dowTi here have been depyed m part from the following 
papers: R. R. McKibbin and L. I. Pugsley, McGill Umv., lech. Bull. 6 , 1930; t. J. Alway 
n al., SoilSci., 1033, 36, 399: H. A. Lunt, Cormecticut .igric. Expt. Sia.,Bull. 394, t937> Bull. 449, 

R. F. Chandler, j.‘ Amer. Soc. Agron., I94«, 33. 859: ?’ 

■!'>9; Omell Agric. Expt. Sla., Mm. aaS, 1939; S. Lindberg and H. Nonming, Svenska 
hkoga-Foren. T^r., 1943, 41, 353. 

* Aschm Amlysen, Berlin, Vol. 1, 1871, and II, 1880. 
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hydroxides relatively easily, may sometimes be produced by micro- 
organisms in the soil. 

The decomposition of the organic matter can also influence the 
products of weathering formed, for as it decomposes so the minerals 
it contains, such as the bases and silica, are released in soluble, and 
hence in mobile and reactive forms. In particular, the continuous 
release of mobile silica will encourage clay formation in the lower 
parts of the soil zone. Thus the root zone of a soil is a zone in which 
soluble products of weathering are in circulation on the onle hand, but 
in which the weathering processes are proceeding more actively than 
in the deeper subsoil. \ 

The plant remains can be given back to the soil in three ways. They 
can be returned to the surface of the soil and only the soluble products 
of decomposition wash down into it; they can be returned to t^e surface, 
but mixed with the superficial layer of the soil by earthworms and 
other animals; and they can be returned to the soil in the root system 
of the plant. In so far as any one of these methods is much more impor- 
tant at a particular site than the other two, so the type of soil that 
develops there is characteristic of this method of plant debris return. But 
since all three methods are usually operative to a greater or less extent 
at every site, these characteristic soil types tend to be models which any 
particular soil can be compared with. In fact the first method of return 
is often dominant under coniferous forest, the second under deciduous or 
broad-leaved forest, and the third under steppe and prairie. This third 
method, when modified to include the incorporation of plant remains 
throughout an appreciable depth of soil, is that used by farmers when 
they plough in farmyard manure or green crops, or when they put the 
land down to temporary leys. 

The type of soil formed in a given region depends not only on the 
climate and the vegetation, but also on the topography of the land, 
the goodness of drainage and the parent material from which the soil 
is being formed. The effect of topography is mainly through the 
direction in which the products of weathering move on the one hand 
and the goodness of drainage on the other. The effect of drainage is 
both through the rate at which products of weathering are removed 
or accumulate within the root zone, and also on the oxygen content 
of the soil air. For poor drainage typically has the consequence that 
no oxygen can reach the lower layers of the soil, hence reducing condi- 
tions set in. The parent material affects both the vegetation and the 
products of weathering and of accumulation, for the various minerals 
composing it have different rates of weathering and release different 
proportions of plant nutrients and of decomposition products during 
the process of weathering. 
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The effects of these soil-forming agents will be illustrated by examples 
iti the following chapters. A detailed description of the various soil types 
that have been recognised, and of the various schemes of soil classifica- 
tion that have been, suggested will not be given here, as several books 
devoted to these subjects are available. ^ It has become customary to 
classify soils into three divisions; the zonal, intrazonal and azonal soils. 
Azonal soils have not been under the influence of soil-forming processes 
long enough for their parent material to be appreciably affected, and 
alluvial soils in the temperate regions are typical examples of this 
group. In the zonal and intrazonal soils the parent material in the 
superficial layers has been appreciably affected by the soil-forming 
processes, the zonal soils being those formed on well-drained sites. 
Thus soils with impeded or transverse drainage, and swamp, marsh 
and salt soils, are examples of intrazonal soils. Soils in which the parent 
material has a pronounced but temporary effect on the soil-forming 
processes are also usually regarded as intrazonal, but this is normally 
restricted to soils forming on parent material rich in calcium carbonate. 
Thus, soils developing on chalk and limestone are considered intrazonal 
as long as any influence that the chalk or limestone may have had on 
the process of soil formation persists. 

It is, however, very difficult to give any precise definition of the 
terms zonal, intrazonal and azonal. The concept of zonal soils was 
first introduced by the Russian pedologists when they were developing 
the theory that soil type was fundamentally determined by the climate, 
that is, that each climatic zone had its characteristic zonal soil type, 
hut the concept has become progressively less precise as the deficifencies 
of this simple theory have been recognised. 


* See, for example, G. W. Robinson, Soils: Their Origin, Constitulion and Classification, 3rd 
ed., London, 1949; A. A. J. de Sigmond, Principles of Soil Science, London, 1938; J. S. Joffe, 
Pedology, and ed., New Brunswick, 1949; S. A. Wilde, Forest Soils and Forest Growth, 
Waltham, Mass., 1946. For a symposium on Soil Classification, see Soil Sci., 1949, 67, 77. 



CHAPTER XXXI 


SOIL FORMATION ON WELL-DRAINED SITES 
The Humus of the Forest Floor 

Two CHARACTERISTIC TYPES of humus Can be formed on thei forest floor 
of well-drained sites known as mor and mull rcspectiyely. Mor 
formation typically occurs when the leaf litter and the humu^ produced 
by its decomposition lie on the surface of the mineral soil,\and mull 
formation when the litter is rapidly mixed with the miiieral soil 
particles, so the decomposition occurs in the superficial layers of the 
soil instead of on its surface. P. E. Muller, a famous Danish forester, 
first recognised and named these two types of humus in 1878,^ and 
although foresters were at first slow to see the value of this separation, 
it is now recognised as being of considerable importance for forestry 
practice in the temperate regions. But well developed typical mor and 
mull are really two extreme types of humus, although they arc deve- 
loped over wide areas: there are also a whole range of transitional types 
formed where there is some mixing of plant debris with the mineral 
matter of the soil, but where this mixing goes on at too slow a rate to 
give a typical mull. Further, there are considerable variations in the 
types of humus present in typical mor and mull, as defined above.* 
There is much that is not yet understood about mor and mull formation, 
and in particular it is not always possible to predict if a change in 
forestry practice will cause an appreciable effect on the type of humus 
being formed,® though this is not necessarily of great practical impor- 
tance for many trees will grow equally well on a soil whether the humus 
is present as a mor or a mull. 

Mor formation typically occurs under coniferous forests and heaths 
growing on very well-drained soils low in available calcium, and which 
are in consequence very acid; buf it can also occur on rather badh 
drained soils, under deciduous forest, and on only mildly acid soils. 
The organic layer is often matted, lies like a carpet on the mineral 
soil, and has a low ash content. It shows a gradual transition from 
the undecomposed litter on the surface through layers in which it is 

’ Tidsskr.f. Skovbrug, 1878, 3, i; 1884, 7, i; Swtiien iiber die mturlkhm Humsfomen, 188?’ 
Berlin; Ann. Sci. Agm., 1889, i, 85. 

’ Sec, for example, H. Hesselman, Medd. SkogsfdrsSksanst., 1926, 22, 16^; 1927, !13. 337 ) 
L. G. Romell and S. O. Heibere. Ecohiv. 1021. 12. nC?: S. O. Heibera and R. *'■ 
Chandler, Soil Sci., 1941, 52, 87. 

’ For a discussion c^this, see L. G. Romell, Cornell Agric. Expt. Sta., Mem. 170, 1935- 
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decomposing but in which some of the original leaf structure remains 
recognisable— Hesselman’s F-layeri— to a layer of dark, structureless 
humus below, Hesselman’s H-layer. 

Mull formation typically occurs under deciduous or mixed forests 
growing on moderately well-drained soils reasonably supplied with 
calcium, but it can occur under coniferous forests, particularly if they 
contain cedars or certain species of spruce whose litter has a high 
calcium content.** Thus, mulls are usually less acid than mors, but are 
not necessarily so. Their acidity does not fall below pH 4-5 and may 
be as high as pH 8, whilst that of a mor may fall to pH 3, and be as 
high as 6-5. The organic layer is crumbly and most of it is mixed with 
a high proportion of soil particles, so it may only contain as little as 
10 per cent of organic matter, and there is a gradual transition from 
the surface mull to the mineral soil. The mull layer is what the gardener 
calls leaf or vegetable mould, and if it were not that the sound of the 
word would lead to confusion with certain types of fungi, this type of 
humus should have been called mould and not mull in English. Mull 
soils typically contain many earthworms and often harbour many 
moles, voles and mice, which burrow extensively. under the surface, 
keeping the surface layers very loose and helping in the mixing of the 
litter with the soil. 

Unfortunately, the number of firmly established facts about the 
process of mull and mor formation are scanty, so that even the cause 
of their formation is not agreed. It is probable, however, that the 
principal agents directly controlling which type of humus is formed 
are the predominant groups of soil animals present in it. Mull appears 
to be the characteristic humus formed when earthworms are the 
predominant group, transitional types of humus when the dominant 
soil fauna are millepedes, woodlicc or larvae of the larger insects or 
termites, and typical mor when they are mites and springtails. This 
transitional type of humus in Europe, where termites are of no impor- 
tance, was called “insect mull” by Mtiller, and is a mor, in that there 
is a fairly sharp boundary between tlie humus and the soil, but the 
F-layer is weakly developed and the H-layer is usually crumbly, shows 
little trace of the original structure of the dead litter, and is mainly 
composed of the excreta of the soil fauna by which it has been produced. 
Thus, mull types of humus seem to be characteristic of decomposed 
organic matter that has passed at least once through the alimentary 
canal of one of the larger soil animals, whilst typical mor humus has 
not. There is no reason to believe that the decomposed organic matter 


* “F” is short for Formultningskikt, or fermentation layer, and “H” for Humusfimneskikt, 
humus layer, ji 

. Sec, for example, M. J. PKce, Cornell Agric. Expt Sta.y Mem. 166, 1934; R* F- Chandler, 
’hid., Mm. 228, 1939. 
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suffers a different type of change in passing through a mite than a mille- 
pede or insect larva: it is in the proportion of the organic matter which 
has passed through that the typical mor differs from the typical mull.^ 

On this concept, the factors controlling mull or mor formation are 
effective through their control of the animal population. Thus, in 
north-west Europe, earthworms only occur in soils that are adequately 
supplied with available calcium, reasonably deep and reasonably well- 
drained. Earthworms need an adequate depth of soil for hibernation 
and aestivation, and they also need a soil with a reasonal^le moisture 
holding capacity, for they do not flourish in very dry soils such as 
coarse sands and gravels. Thus, heath soils and thin soil^over rock 
typically have mor humus developing on them. The conditions under 
which millepedes, woodlice and the larvae of the larger insects become 
dominant in temperate regions are not yet known, though W. Kubiena,* 
working in some mountain limestone soils of Austria, found that this 
occurred after a certain depth of soil had accumulated, but before it was 
deep enough for earthworms to flourish; so it is possible that they only 
form the dominant soil fauna when all circumstances except depth of 
soil arc suited to earthworms. 

On this concept one of the roles of soil micro-organisms in the produc- 
tion of humus is to prepare the leaf litter for use by the larger soil 
animals. In typical mor, the fungi are often considered to be the pre- 
dominant group of micro-organism, and they convert much of the leaf 
litter into their own protoplasm which is a form that the mites in par- 
ticular can digest. However, although fungal mycelia and fungal-eating 
mites are very common in many such mors, no quantitative proof has yet 
been given that the fungi are, in fact, the most important group of micro- 
organisms in decomposing the leaf litter. The conditions in a mor are, 
however, usually too acid for many groups of bacteria to develop. Thus, 
nitrifying bacteria are typically either absent or present in very small 
numbers, so mor soils do not contain detectable amounts of nitrates in 
the field, though they may yield some nitrate when incubated in the 
laboratory. However, mor soils are also characterised by only contain- 
ing very small amounts of ammonium nitrc^cn, probably because of the 
intense demands of the micro-orgamisms for available nitrogen, as the 
litter has usually a low nitrogen content. Further, the roots of trees 
growing on mor are usually concentrated in the humus layer and 
covered with mycorrhiza, so the plants arc also strongly competing for 
the available nitrogen there. 

No complete fractionation of mor humus has yet been made, but its 

* See, for example, T, H. Eaton aitd R. F. CShandler, ComtU Agrie. Expt. Sta., Mm. S47, 
1942. 

*Bodmk. PfiEmahr., 194a, *9, 108; J944, 35, 2a; Entwicklmgslthre dts Bodm, Vienna, 

1948- 
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fulvic acid fraction appears to contain a relatively high proportion of 
readily dispersible nitrogen compounds. The humus in the mor rapidly 
releases ammonium nitrogen when the trees have been felled or suffi- 
ciently heavily lopped to kill the mycorrhizal fungi, or when it is 
brought into the la*boratory. This ammonia is probably derived from 
the decomposition of the fungal mycelia in the humus layer but this 
has not yet been proved. 

Bacteria are probably the most important microbial agents of 
decomposition in mull, and aerobic cellulose decomposers are usually 
abundant. The soils always nitrify well and differ from mors in having 
a higher content of ammonium and nitrate nitrogen in the natural 
state, but in not forming these compounds so quickly when samples 
are incubated in the laboratory. On the other hand, the roots of the 
trees and the undergrowth are not concentrated in the mull layer, but 
extend through a considerable depth of soil, and the roots usually only 
carry few mycorrhiza. The humus has a lower proportion of the fulvic 
acid fraction, is less easily mobile and more saturated with calcium 
than that in a mor, and its humic acid fraction has probably a higher 
nitrogen content and a higher base exchange capadty. 

The fact that the organic matter in the bulk of the mull layer is 
structureless does not mean that decomposition takes place more rapidly 
in the mull than in the mor, for the opposite is probably more often 
true. It is simply a reflection of the fact that earthworms not only mix 
the leaf litter with the soil, but so macerate it in their gut that all trace 
of its original structure has been lost in the excrement. 

An example of the effect of the absence of earthworms and of extreme 
shallow rooting habit in encouraging mor formation is well illustrated 
on the Rothamsted Grass Plots, which are part of an old meadow cut 
annually for hay. Where the soil has been rendered very acid by re- 
peated high dressings of sulphate of ammonia, a layer of dead grass litter 
has been converted into a definite mor. There are no earthworms in 
the soil, and the grasses are very shallow rooting and suffer quickly in 
droughts, but if the litter is mixed with the soil in the laboratory, 
decomposition of the mor rapidly takes place. 

t 

Well-drained Soils under Mor: the Podsol 

The soil developed under well-drained mor is the podsol, which is 
characterised by having a band of light-coloured soil fairly sharply 
"Se parated from a darker layer of soil above and below it. It is this 
hand of light soil which has given the podsol its name, for the word 
signifies in Russian ash-coloured soil. The podsol profile can be divided 
hno several clearly defined layers or horizons. The upper is the mor 
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and is commonly called the Aq horizon, and is brown to black in colour. 
Below this comes the top layer of mineral soil, which is also dark in 
colour, the Aj horizon, but on many sites this is not developed, and 
below the Aj comes the light-coloured bleached layer, or Aj. The next 
layer, called the B, is dark coloured and usually lightens gradually 
with depth until it becomes indistinguishable from the parent material 
or the C horizon. Since the surface humus is a mor, the division between 
the Afl and Aj, or Ag if there is no A^, is sharp, and the divisions be- 
tween the Aj and A^ and between the and B are sha^rp, but the 
divisions in the B horizon itself, and between the B and C horizons are 
gradual. \ 

The relative thickness of these layers is very variable, bulf the cause 
of the variability cannot always be given. The Aq can be\very thin 
and the A^ well developed, as on heaths and some forests with suitable 
under growth, or the Ao can be well developed and the Aj thin or 
lacking. Thus, in well-developed podsols under coniferous forest on 
sandy soils there is no A^ horizon — the mor lies directly on the A 2 — and 
this is probably the profile originally defined as the podsol by the 
Russians. Similarly, the thickness of the A 2 and of the B varies very 
considerably, often in quite small areas; and in particular the boundary 
between the A 2 and the top of the B is often extremely irregular, varying 
by over 6 inches in very short distances. The total depth of the profile, 
that is, from the top of the Aq to the bottom of the B, can vary from a 
lew centimetres to over a metre. 

This profile is most clearly developed on coarse, sandy soils rich in 
quartz grains, for these resistant grains give a large visible surface that 
can suffer bleaching. As the soil becomes heavier, the separation be- 
tween the horizons becomes less distinct, until the B may only appear 
as darker coloured spots or streaks in a uniform bed of parent material. 
In northern Europe, podsols are extensively developed over the great 
area of sands left behind by the ice-sheets in the glacial period. 

The chemical characteristics of the podsol profile are: 

1. The pH is usually lowest in the Aj, horizon and increases down the 
profile, though in some profiles thi A^ may be the most acid. 

2. The Aq and A^ horizons have a high base exchange capacity, but 
are very unsaturated. The percentage saturation usually increases 
down the profile, but because of the low exchange capacity of the A^ 
and below, the actual number of milli-cquivalents of base, chiefly 
calcium, may be highest in the A^ or Aj. 

3. The Aj horizon is subjected to intense weathering, as can be seen 
from an examination of the fine sand grains. All those of easily wiathcr- 
able minerals have either disappeared or arc obviously being heavily 
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attacked. Thus, minerals very resistant to weathering, such as quartz, 
tend to accumulate in it. There is no evidence that any secondary 
minerals are formed in this layer. 

4. The B horizon is enriched with material that has bee« washed out 
of the A horizons, and it is therefore often called an illuvial horizon in 
contrast to the A’s which are known as eluvial. It is enriched with 
organic matter, clay, and iron and aluminium hydroxides, and often 
the zone of their maximum accumulation occurs at its top. But, 
whilst this is probably always true for the organic matter, the maximum 
for the clay may be in the bottom part of the A 2, and for the iron and 
aluminium hydroxides below the top of the B. It is very common in 
Great Britain to find a thin hard pan, often only a few millimetres 
thick, on top of the B horizon, which is sometimes referred to as the 
“walnut shell layer” and which is the zone of maximum iron, and pos- 
sibly of organic matter, accumulation. Table 132^ illustrates many of 
these points for apodsol developed under forest in Morayshire, Scotland. 


Much of the iron and aluminium deposited in the B horizon is 
present as hydroxides or hydrated oxides, as can bo shown both by the 
solubility of the iron and aluminium compounds in such solvent as 
Tamm’s acid oxalate and by the power of the soil in the B horizon to 
absorb acidic dyes. Fig. 48® shows the amount of iron and aluminium 
extracted by Tamm’s acid oxalate from a typical podsol of the type 
being discussed, called an iron podsol in the figure (the iron-humus 
podsol will be discussed on p. 590) : it is greatest at the top of the B hori- 
zon and decreases downwards until it falls to a low level in ,the C. 
Acidic dye absorption, which can probably only take place on the iron 
and aluminium hydrated oxides and hydroxides in this layer, follows 
the acid extract curves very closely.® 

It is possible, but not yet proven, that some of the aluminium entering 
the B horizon reacts with soluble silica there to give kaolinitic, or pos- 
sibly illitic, clays. The B horizon certainly contains these clays,* and it is 
very probable they are being formed there, but this has not yet been 
proved. On the other hand, D. M. C. MacEwan® has shown that in the 
B horizon of some Scottish podsols, *biotites appear to be converted into 
hydrobiotites and vermiculites and thence into illites, a conversion 
that does not necessitate the complete disruption of the original biotite 
lattice. 

Much still remains obscure about the chemistry of the podsolisation 
process, and the two problems that are still unsolved concern the agent 
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Fig, 48. Loss on ignition and amounts of silica and se^quioxides extracted by the acid-oxalate method in a Swedish brown forest soil, 

iron podsol and iron-huniu'i podsol. 
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Analysis of the Various Horizons of a Podsoi Profile In Teindland 
State Forest, Morayshire 


(A) Ultimate analysis as percentage of Ignited fine earth (< 2 mm.) 


Horizon 

5-7 cm. 

A. 

7-14 cm. 

B, 

14-16 cm. 

B. 

16-26 cm. 

B, 

26-50 cm. 

C 

60-70 cm. 

SiOg . 

89-43 

91-05 

82-49 

78*86 

76*40 

83-12 

TiO, . 

AljjOji • • . 

014 

0-12 

0-24 

0*21 

0*21 

0-U 

6-11 

5-81 

10*10 

10*30 

11*08 

8-56 

FcjOj • • • 

0-89 

0-55 

2*71 

3-59 

3*32 

2*19 

CaO . 

0-63 

0-45 

0-52 

0*68 

0*94 

0-59 

MgO , 
Undetermined 

0-30 

0-54 

0-40 

0*22 

071 

0-46 

residue^ 

2-50 

1-78 

3*54 

6*14 

7*34 

4*87 

Total . 

10000 

1 0000 

100*00 

100*00 

10000 

100*00 

Loss on ignition . 

3873 

mtm 

7-87 

5-66 

3*92 

i-63 

Moisture (105°) 

12*02 


5*41 

4-72 

4*12 

1*46 

Clay content 


Wm 

12*32 

10*12 i 

9*25 

4*58 


(B) Analysis of clay fraction; as percentage of ignited clay 


Horizon 

7-14 cm. 

B, 

14-16 cm. 

t 

B, 

16-26 cm. 

B, 

30-40 cm. 

C 

60-70 cm. 

SiO, . 

59*02 

46*28 

31*73 

33-80 

35-20 

TiOj • • * 

3-59 

1*19 

1*82 

1-50 

1*00 

AI.O, . 

24*20 

29*92 

38-36 

31-62 

24*56 


4-18 

14-36 

20*42 

2171 

18*80 

SiO,/R*0, . 

371 

2*00 

0*95 

1*26 

1*63 

SiO,/Ai,o, . . ! 

4-12 

2*61 

1-03 

1*80 

1-92 

Alj 03 /FejOj 

9-09 

3-28 

4*01 

2*30 

2*59 


(C) Absorbed bases per 100 gm. of oven-dry soil, and pH value 


Horizon 

^0 


B 


B« 

Ba 

C 

m.-eq. Calcium . 

7-0 


0-8 

i-i 

0*5 

0*8 

0*8 

nri.-eq. Magnesium 

n.d. 

2*6 


1*0 

0*9 

0*8 

0-8 

fn -eq. Hydrogen . 

n.d. 

46-2 


23*1 

12-2 

6*9 

2*9 

pH ... 

37 

3-9 

m 

4-5 

4*5 

4*8 

5*1 


that mobilises the iron and aluminium in the A layers and carries them 
down into the B, and the agent that causes the iron and aluminium to 
be precipitated in the B. 

It has long been suspected that there was a connection between the 
^^lovcnjent of organic matter from the Aq and horizons into the B and 
the solution ^tnd transport of the iron and aluminium. The crux of 

* Probably chiefly KjO and Na^O. 
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this problem hinges on the fraction of the organic matter responsible. 
There are two different processes, both of which are possible on our 
present knowledge. Finely dispersed acid humus particles can mobilise 
the hydrated ferric oxide formed during the weathering process, and 
carry it down into the subsoil. This process is thfe one that has been 
most commonly assumed to be operative, and B. C. Deb^ has shown 
that under conditions which may very likely prevail in the surface 
layers of a podsol, this finely dispersed humus can carry down from 
three to ten times its weight of iron oxide. j 

The second possible process is that polybasic carboxylic acids are 
the principal agents for carrying down the iron oxide. It is known 
that acids such as oxalic, citric and tartaric are all capable, even in 
weak solutions, of bringing into solution iron and aluminil^m in the 
form of co-ordination compounds,^ that the free acid is not necessary 
but only the free anion, ^ and that these acids arc typical metabolic by- 
products of the fungi in the mor layer. But their presence has only been 
assumed and not actually demonstrated in the downward moving 
water. ^ It is just possible that the mechanism by which finely dispersed 
acid humic particles mobilise the iron is through the iron forming co- 
ordination compounds with its carboxylic acids, in which case the two 
processes described would both operate through the same mechanism. 

The second problem concerns the cause of the deposition of the iron 
and aluminium in the B horizons. The problem is complicated by the 
probable fact, to be discussed on p. 575, that only a part, and perhaps 
a small part, of the iron and aluminium removed from the A layers is 
deposited in the B, although the current theories on the cause of this 
deposition all assume that it is complete. The principal theories at 
present advocated assume that the primary cause of the precipitation 
is the increased plA in the B horizon. Colloidal particles of iron and 
aluminium, probably as hydroxides, are assumed to acquire a positive 
charge under the highly acid conditions in the A layers which is 
sufficiently great for the colloidal particles to disperse in the downward- 
moving water, but the charge falls rapidly as the pVL increases at the 
base of the Ag and the top of the B horizons so that the particles cease 
to be dispersed in the water and precipitate out. This theory naturally 
assumes that the iron and aluminium are not in co-ordination com- 
pounds with simple organic acids, for these compounds would reduce 
the positive charge the colloids could acquire in the A horizon. 

^ J. Soil Sci.y 1949, I, 1 12. 

* H. T. Jones and J. S. Willcox, J, Soc, Chem. IndusLy 1929, 48, 304 T. 

* For the kind of experimental justification available for theories of this type, sec P* 1 ^ 
Gallagher, Proc. Roy, Irhh Acad,, 1942, 4$ B, 213. W. J. Dyer and W. D. Mch^lane {Cajm. 
J, Res., 1938, 16 B, 91) considered they had evidence that some of the iron in tht B Iay<*r 
was in co-ordination compounds of this type. 

* P. H. Gallagher and T. Walsh, Proc, Roy, Irish Acad,, I943> 49 B, i. 
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An alternative theory can probably be based on a meclianism 
similar to that postulated by H. Jenny and G. D. Smith, to be discussed 
on p, 593, for the formation of clay pans. Silicic and humic acids could 
be deposited on the mineral particles on the B horizon during summer 
droughts, which would give them a negatively charged surface on 
which, later in the year, the iron and aluminium co-ordination com- 
pounds in the downward-moving water would be precipitated as the 
organic acids mobilising them became attacked by the micro-organisms 
in this layer. This hydroxide layer would then cause silicic or humic 
acid, moving in the percolating water, to precipitate on it to neutralise 
its positive charge. Such a theory may probably come fairly close in 
many ways to S. Mattson’s theory of isoelectric weathering,^ for he 
postulates that the cause of material being precipitated in the B horizon 
is that it is isoelectric at the prevailing there. The precipitates are 
pictured as being built continuously by their removing the requisite 
proportions of aluminium, iron, silicic and humic acids from the com- 
pounds dissolved in the percolating water to give new precipitates that 
are isoelectric, that is, carry no net electric charge, in the percolating 
solution. 

However, before much further headway can be made in the theory 
}f podsolisation, more factual information is required. Thus, more 
knowledge is required of the forms of organic matter that actually 
move down through the Ag horizon. The newer methods of humus 
analysis should be able to give a more accurate description of the 
organic materials that move from the A^ into the top of B horizon,^ 
although they would miss any ephemeral components such as oxalic or 
tartaric acids, supposing them to be present in low concentrations in the 
downward-percolating water. Again, not enough is known of the fate of 
the products of weathering mobilised in the A layers, for not all of them 
are precipitated in the B. Thus, analyses of the water from springs and 
rivers show that some of the silicon is washed out of the profile altogether, 
and this appears to be true for the iron and aluminium also. Thus, 
A. A. Rode® has calculated the loss of constituents from a podsol profile 
in Russia by assuming that the quartz in the original deposit was 
uniformly distributed throughout tlie profile and that none of it had 
weathered. These results are given in Table 133, which shows that the 
loss of iron and aluminium together from the whole profile is comparable 
with the loss of silicon, and though the losses are greatest in the Ag 
horizon, yet they are appreciable in the B. 


^ Soil I 932 > 34, 209, and a scries of papers in LantbrHogsk, Ann., beginning I 934 > 
particularly 1935, 2, 115; 1937, 4, i; 1942, lO, 241. a j .on 

* For s^me publications on this, sec P. H. Gallagher, Roy. Irish Acad., 1942, 48 B, 3, 

1 ’ V. Tiurin, Pedology, 1944, No. 10, 441. , _ _ 

• Tlu SoUs of the U.S.IR., Vol, I, p. x8i, cd. L. L Prasolov, Moscow, 1939 - 
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TABLE 133 


Weight of Soil Constituents Lost during Podsolisation 


fn tons per acre 


Horizon 

Si 

Ai 

Fe 

Mg 

K 

Ca 

Na 

A„ 0-9 cm. 

74 

44 

25 

7 

10 

4 

4 

A,. 9-26 cm. 

138 

88 

48 

14 

19 

9 

7 

A]|B, 26—35 cm. 

43 

30 

16 

5 

6 

:4 

3 

& 2 , 35-50 cm. 

18 

II 

4 

2 

1 

|4 

2 

B, 50-63 cm. 

8 

4 

2 

1 

— 


1 

Total, 0-63 cm. . 

281 

177 

95 

29 

36 


17 


Average annual loss, assuming soil 10,000 years old, In pounds per aci^e 


Ai and A* 
Total 


48 30 16 

63 40 21 



7 

8 



2 

4 


A 


Tamm's estimate for young Swedish Podsols 




O. Tamm^ has also found that there is a net loss of iron and alu- 
minium from the B'horizon, and R. P. Matelski and L. M. Turk* have 
shown from an optical examination of the minerals in the fine sand 
fraction of a Michigan podsol that weathering proceeds actively in this 
zone. In fact, they claim that horneblende weathers more easily in 
the B than in the A horizons. 

Rode also calculated the average rate of loss of constituents from the 
Russian profile, assuming it has taken 1 0,000 years to develop. The 
figures.so found, which are also given in Table 133, imply a higher rate 
of weathering than for Europe as a whole, as deduced from the analyses 
of river waters given on p. 555, but unfortunately Rode does not say 
what were the parent mineral particles in the deposit. His results are 
also rather higher than some previously obtained by O. Tamm,* also 
given in Table 133, and obtained by a similar method, for the rate ot' 
removal of constituents from the A horizons of some young Swedish 
podsols developed on river sand. 

The time taken for a podsol to develop its typical profile depends 
on many conditions, but on sandy soils under coniferous forest between 
1,000 and 1,500 years is adequate,* though Tamm also finds that an 
A 2 horizon i cm. thick can be formed in 100 years, and A. Muir* gives 
an example of an Aj horizon 0-5 cm. thick being formed in twenty years 
in Kincardineshire. 

* Medd. SkogsfSrsdksanst., 193 a, 36 , 163 . • Soil Sci., 1947 , 64 , 469 - 

* Medd. Skogsjirsohanst., 1920 , 17 , 49 . 

* O. Tanmi, Medd, Skogsjorsaksanst., 1920 , 17 , 49 ; R. F. Chandler, Proe. Soil Soc. 
Amer., 1943, 7 , 454 (for an example from Alaska). 

* Forestry, 1934, 8 , 25 . 

















BROWN EARTH SOILS 

The podsol profile can be altered very considerably if the drainage 
becomes impeded, but these alterations will be discussed in the next 
chapter, in which the general problem of the effect of impeded drainage 
on soil formation will be discussed. 


Well-drained Soils under Hull; the Brown Earths 


The typical brown earth differs from the true podsol in three respects; 
it is found on loams and clays rather than on sands, hence it has a lower 
air content during wet weather and may even be subject to slight 
reducing conditions during part of the year; it has a higher content 
of exchangeable calcium though it is typically acid; and there are no 
sharp horizons between the different layers in the profile. 

The typical forest soil profile under mull begins with a layer of 
undecomposed litter, then comes a fairly deep layer of crumbly soil 
whose organic matter content decreases slowly downwards until it 
gradually grades into the unweathcred subsoil. The name brown earth 
describes the colour of this layer. Since the soils arc typically formed 
under forest, they are often referred to as brown forest soils when in 
this situation. 

The chemical analysis of the profile shows the following charac- 
teristics. The pH and the proportion of exchangeable calcium usually 
increases gradually down the profile. The organic matter content 
decreases gradually down the profile, and there is no zone in the subsoil 
of organic matter accumulation. The profile shows the typical effects 
of weathering, namely, the mineral particles are attacked and the 
bases and silicon tend to wash out and the aluminium and iron to 
remain behind, though the intensity of weathering is much less severe 
than in the A horizon ofpodsols. There is little free iron and aluminium 
hydroxides in the profile, as shown by the small amount of these dissolved 
out by Tamm’s acid oxalate, as can be seen in Fig. 48 on p. 572. 

The outstanding product of accumulation is kaolinitic and illitic 
clay, which is formed all through the profile. On mature soils there is 
often a layer enriched in clay* due either to it being a layer of active 
clay synthesis or to it being a layer of accumulation of clay synt esise 
nearer the surface and washed down and held either raecharuca y in 
the fine pores or else by coagulation and drying on other particles. 
Ihis process can proceed so far that the layer has become amos 
impermeable, giving the planosol soil which is characteristic o very 


’ Soils with this layer of enrichment arc known as 
<'c>criptions of whie* see M. Baldwin, Pruc. ist Int. Congr. M Set., W ashingto. , J 7 . 5 i 7 
M. G. Cfine, Soil Scu, 1949, 68, 259. 

Palltiiann, E. Frei and H, Hamdi, Bet. 

1943, toz, m. 

S.C.--20 


Schweiz* Bot, Ges,, I943> 53 
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level topography under these conditions in America. The chemical 
analysis of the profile also often shows a zone of relative enrichment 
with aluminium, that corresponds with the zone of clay enrichment. 
This may simply be a reflection of the fact that kaolinite clay has a 
high aluminium content compared with most rock minerals, but no 
suitable field results seem to be available to test if this is the whole 
cause of the apparent aluminium enrichment in the B horizon. 

Natural brown earths under forest are rare in Englanc^ and much 
of Europe because these soils have been cultivated for manly centuries, 
as they are naturally more suitable than the podsols for agricultural 
crops. Brown earths also occur on hill slopes, but these will be discussed 
in the next chapter, as they form an example of the effect of typography 
on soil formation. 

It must again be emphasised that there is a whole range of soils 
between the true podsol and the typical brown earth, for there are all 
transitions between mull and mor on the one hand and between very 
free draining sands and slow draining clays on the other. Hence there 
are soils showing all gradations in such properties as the amount of 
dispersed humic, iion and aluminium compounds that move into the 
subsoil and the quantity of clay that is synthesised. Soils in this transi- 
tional range are usually known as podsolic — a type that is extensively 
developed in America. 

The Grassland Soils: the Prairie Soils and Chernozems 

Gra.sses differ from forests in that they translocate much of the 
organic matter they synthesise into the soil as root system. As already 
mentioned on p. 458, grasses can add over a ton of dry matter to the 
soil per year as roots, and natural grassland soils may contain over 
5 tons per acre of roots below ground compared with only i to 2 tons 
of above-ground material. Thus, J. E. Weaver, V. H. Hougen and 
M. D. Weldon^ give the following weights of organic matter and roots 
in a Nebraska prairie, in tons per acre: 


' Depth 

0-6 In.* 

6-12 in. 

1-2 ft. 

2-3 ft. 

3-4 ft. 

Weight of roots 

2-6 

Ka 

0-63 

0-30 


Weight of organic matter . 

3l-0‘- 


260 

8-1 

4-0 

Weight of roots as per cent 
of organic matter . 

8-5 

2-8 

2-3 

3-6 

ii 


^ Boi. GaZ; 1935, 96, 389. J. E. Weaver and E. Zink {Ecol., 1946, Vj, 115) give furtlirr 
figures for the annual rate of production of roots by three prairie grasses at different deptJ's 
in the wil. 7 r s 

* This figure includes the rhizomes of grasses which occurred in the top 6 inches. 














SOILS DEVELOPED UNDER GRASS 

This difference between grassland and forest is also illustrated in 
Plate XXVII, which shows the profiles, with the distribution of organic 
carbon down the profile, of a prairie and a deciduous forest soil both on 
the same parent material, and both from Iowa. Although the prairie 
soil only contains 50* per cent more organic matter than the forest, yet 
it is distributed through a considerably greater depth of soil. 

The grass roots themselves are extensive and fine, hence, as shown 
in Table 102, on p. 458, they may have a very great length in the soil 
and many of the finer roots will decompose quickly. These soils also 
typically have a large population of earthworms, and also of rodents, 
which may make extensive burrows and nests in the soil well below 
the soil surface. Hence, little litter accumulates on the surface, most 
of it being worked into the top layers of the soil, as in the brown 
forest soils. 

Grassland soils occur naturally in climates that are too dry for 
forests, although they can also be found on limestones and chalks in the 
more humid regions. Thus, as both E. M. Crowther and H. Erhart^ 
have pointed out, they are characteristic of regions subject to summer 
droughts sufficiently severe for the available water in die root zone of the 
soil to be exhausted before the drought breaks. Grasses can withstand 
these conditions far better than deciduous forest, hence their dominance. 

Grassland soils can be roughly divided into three types: the prairie, 
the chernozem and the chestnut. The typical prairie soils are formed 
where the summer rainfall is only just too little for deciduous forest, 
but where there is sufficient rainfall during the rest of the year for 
considerable leaching to take place. The chernozem soils are developed 
under rather more arid conditions where little water leaches out of the 
root zone, and the chestnut under still more arid conditions when the 
rain-water rarely if ever leaches through the profile. Thus, the prairie 
soil typically has a weakly leached profile so that the soil may be 
slightly acid all the way down, the chenozem has a weakly leached 
surface soil, which may be slightly acid, but has a zone of precipitation 
of calcium carbonate at the bsise of a deep root zone, whilst the chestnut 
soil has a neutral surface soil and its zone of calcium carbonate accu- 
mulation comes nearer the surface *as the depth to which the rain 
normally penetrates becomes shallower. The leaching in the chestnut 
soil is so restricted that at the base of the layer of calcium^ carbonate 
accumulation comes a layer of calcium sulphate accumulation. These 
grassland soils have a very characteristic soil structure. The crumbs 
are small and friable, sometimes breaking down almost to a dust in 
the surface and become larger, angular and stronger in the de^w 
layers of the profile, and have considerable water stability. Plate XXX 
» Treilf dt P/Johgie, Strasbourg, 1935. 
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gives an illustration, in semi-diagrammatic form, of this structure in 
a well-developed chernozem, and Plate XXH gives a photograph of 
actual soil crumbs in a chernozem soil adhering to grass roots. 

The prairie soils are similar in many respects to the brown forest 
soils. The surface layers arc often somewhat acid, due to leaching, 
there is a washing down of organic matter and clay, and clay formation 
takes place in the profile. But there is probably a greater annual 
circulation, and hence a greater movement, of silica in prairie than in 
forest soils, for grasses have a much higher silicon content than tree 
leaves. As in the brown forest soils, a pronounced claylpan may be 
formed both by clay being actively formed in this layer\and also by 
clay formed higher up the profile being washed down intp it. Other- 
wise weathering is not very severe. Thus, J. F. Hasemaii and C. E. 
Marshall^ showed that in the Grundy silt loam, a typical prairie soil 
developed on loess in Missouri, the sand grains larger than 0'046 mm. 
have barely been weathered at all, the silt particles between 0-025 
0-002 mm. have been washed down from the top foot into the third and 
fourth foot, the easily weatherable minerals in the top 2 feet have been 
attacked, and clay accumulation has taken place in the layer 1 1 to 4I 
feet below the surface. The clay may be mainly illite or it may be an 
illite-beidellite mixture with the illite more in the larger and the 
bcidellite or montmorillonite more in the finest fraction.* 

These soils are well developed in the com bell of the Middle Western 
states of America. They are fertile, or can be made so by adding 
fertilisers, and the rainfall is adequate for excellent crops of maize and 
soybeans if the land is properly farmed. It is to this soil type that 
the Western European farmer tries to convert his soil by using leys and 
farmyard manure. 

The chernozems, or black earths, to give the English translation of 
the Russian word, are so called because of their black colour, which 
may extend down to a depth of 3 to 6 feet, though the colour lightens 
with depth. The fundamental climatic characteristic of these soils is 
that there should be sufficient rainfall for the natural grasses to make 
good top and root grow-th, but not sufficient to allow any appreciable 
leaching. Thus, very little of the rain percolating into the soil ever 
reaches the ground-water or the rivers. As the amount of rain-water 
penetrating into the ground-water increases, so the soil type goes over 
into the prairie, and as the deficiency of the rainfall increases, so the 
maximum depth to which the soil is wetted each year decreases, and 
it goes over to the chestnut. The true Russian chernozem occurs in a 
climate with hot summers and cold winters. In the winter the soil is 

^ Missouri A^rk. HxpL Sta,y Res, Bull, 387, 1945. 

* Sec also W. E. Larson ei aL^ Proc, Soil Sci, Soc, Atner,, 1948, la, 420. 
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frozen for prolonged periods and much of the snow that falls runs off the 
frozen soil when it thaws in spring. 

The soil of the chernozem is neutral or nearly neutral all down 
the profile, the exchange complex is typically saturated mainly with 
calcium, and soil ofganic matter is probably leached down the profile, 
though to what depth is not known. As shown on p. 578, the roots 
only account for 2 to 4 per cent of the organic matter in the deeper 
layers of the profile, so if no leaching takes place it would mean that 
it takes twenty-five to thirty years, on the average, for the organic 
matter in the roots to be oxidised away. The organic matter has a 
relatively high nitrogen content compared with that in most forest soils, 
its C/N ratio being about 10, and the type of humus is Springer's 
grey humic acid which, according to Mattson (p. 274), is fully 
autoxidised and so has a high nitrogen content and a high base ex- 
change capacity. Clay formation, predominantly of the beidellite 
type, occurs; but the rate of clay formation is much slower than in the 
prairie soils, and its chemical composition is nearly constant down the 
profile. There appears to be little translocation of silt or clay particles,^ 
and clay pans, which are so characteristic of prairie soils, are less 
common in the chernozems. 

However, under tropical conditions, where weathering can go on 
during the period the soil is wet because of the high temperature, but 
in regions where there is not enough rainfall for water to leach out of the 
root zone, so much beidellite or montmorillonite clay may be formed that 
the whole soil becomes an extremely heavy black clay carrying grass, or 
grass and scrub. In spite of the black colour the humus content may be 
fairly low, presumably again because of the high temperatures, and the 
only way water can move into the soil is through the large cracks that 
develop every dry season. They do not have a granular structure like 
a chernozem, but their subsoils have a very well pronounced columnar 
structure. These soils are typically formed from basic igneous rocks, 
probably because they contain a high proportion of minerals that 
weather easily and which release a high proportion of bases; they are 
found in many parts of Africa, and in the Dutch East Indies. 

The chernozem is characterised also by having a zone of accumula- 
tion of calcium carbonate at a depth of about 6 feet. It is present as 
thin threads and films if the climate is only just arid enough for it 
to form, but as the climate becomes more arid, soft, white cracrebons 
appear. The three chernozem profiles, illustrated in Plate XXX, s ow 
this in semi-diagrammatic form. The deep chernozem is fomed under 
the highest rainfall and the southern under the lowest, and the figure 

’ Fora disaission of the characteristics of Russian chernozems, see L. I. Prasolov. Dokuchae 
1939, 1, 225. 
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shows how the depth at which calcium carbonate is first deposited 
decreases as the climate becomes more arid. These profiles also show 
the characteristic burrows of steppe rodents filled in with dark-coloured 
surface soils. Below the layer of calcium carbonate accumulation in the 
more arid chernozems comes a zone in which calcium sulphate is 
precipitated as gypsum. 

The chernozems are well developed on the calcareous loess soils that 
extend from Central Europe through Russia into Central Asia, forming 
the great belt of the Eurasian steppe. They form the tall gr^ss prairies of 
America and are probably developed in parts of Soiithl America as 
well. Their main agricultural use is for wheat growing, anti they form 
the wheat soils of the world. The climate is too dry for crop^ other than 
wheat and some sorghums to be grown profitably, and their management 
has already been discussed in the section on dry farming in Chapter XXII, 

The chestnut soils are developed under still more arid conditions 
than the black earths. Their name describes their colour, the colour 
of the skin of the edible chestnut, Castanea saliva^ not the horse-chestnut, 
Aesculus hippocastanum. They are formed under conditions where the 
potential transpiration exceeds the rainfall, so at no time in the year 
does water leach out of‘ the profile. The cfTcct of the increasing lack 
of water is to give a grass vegetation with a shorter root system and a 
smaller annual production of organic matter,^ so that both the depth 
to which the organic matter reaches, and its content at each depth, 
decreases. At the same time the layers in which the calcium carbonate 
and gypsum are deposited come closer to the surface. 

As the climate becomes still more arid, shrubs begin to form an 
important part of the vegetation, but the production of organic matter 
both above and below ground becomes small, so that the organic 
matter content of the soil rapidly decreases, and what is there becomes 
increasingly concentrated in the superficial layers. The colour of the 
soil also lightens, becoming first brown and then grey, giving the 
sierozem or grey desert soils of the Russians. 

The effect of increasing temperature on these grassland soils is 
threefold. In the first place, the colour of the soil reddens, and this is 
true for the prairie, chernozem and chestnut soils, ^ In the second 
place the horizon of calcium carbonate deposition may both thicken and 
harden, becoming a band up to several feet thick. This is known as 
caliche in parts of America, and kankar in parts of India and is also well 
seen in many parts of the Mediterranean.® If these desert soils arc 

^ H. L. Shantz, Ann, Assoc, Amer, Geog., 1923, 8, 81. 

•J. Thorp and M. Baldwin, Ann, Assoc, Anur, Geog,^ 1940, 30, 163. ^ n \ \ 

• For a description of this in the black cotton soil area in India, sec D. Singh and G. A-a » 
Ind, J, Agric. .Sd., 194G, 16, 328; in the Mediterranean, G. Gaucher, C.R,, 19A 227> ^54’ 
G. Aubert, C,R, Cmif. Pidol. M^diUrr., 1948, 330; in New Mexico, J. H. Bretz and L. Horixri)* 
J, Gcol,, 1949, 57, 491. 
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over-grazed, so erosion takes place, these bands become exposed on 
the surface of the desert, giving a hard pavement. In the third place the 
organic matter decreases, presumably because of the higher tempera- 
ture giving a high rate of decomposition. Conversely, when chernozem 
soils extend into cooler regions their organic matter content increases. 


Leached Soils of the Humid Tropics^ 

Weathering in the tropics is relatively a much more corrosive process 
than in the temperate regions, and the rain when it comes tends to fall 
in heavy storms, so that such factors as slight changes in topography 
or in permeability of the soil will cause much greater differences in 
the type of soil being formed than in the temperate regions. This has 
the consequence that the land surface in the tropics tends to be a mosaic 
of very different soil types and this is most pronounced in regions of 
relatively moderate rainfall.^ 

The parent material from which the soil is being derived is also of 
great importance, for if the land surface is relatively recent, or if for any 
reason unweathered rock particles arc in the root zcoe of the vegetation, 
appreciable amounts of mineral nutrients will be released by the 
weathering of these particles with a consequent effect on the luxuriance 
of crops being grown on the land (see p. 556 for example). And this 
effect again is much more noticeable in the tropics because of the much 
greater intensity of weathering. On the other hand, if the soil is formed 
on a crust of weathering on an old land surface, which commonly occurs 
over much of the tropics, the crust will only contain secondary nyinerals, 
which are present there because they are extremely resistant to weather- 
ing by downw'ard moving water. Hence soil forming processes can have 
little effect on the minerals in the crust. 

A characteristic of the humid tropics, and the tropics with a fairly 
long rainy season each year is the enormous rate of growth, and in 
natural conditions of decomposition, of the vegetation. Thus P. E. 
Vageler estimates that tropical rain forests may produce over 1 00 tons 
per acre of vegetable matter, a figure comparable to G. ap. Griffith’s 
finding that in parts of Uganda elephant grass {Pennisetum purpureum), 
which requires a moderately well distributed rainfall, may produce 
60 to 1 00 tons per acre of vegetable matter, containing i o to 16 tons of 



'‘133; H. Erhart, Trait/ de P/dologu, a vols.. Strasbourg, 1935- a"" > 937;.n. .) . monr auu 

F, A. van Baren. Trapkal Soils, The Hague, 1954= J- Thorp and M. r 

W,-. 1940, 30, iBsTh. Jenny, Soil Set., 1948. 66, 5, 173: PrmfcdmgtoJ 
(fninenft on Tropical ami Subtropical Soils {194B), a® Commnw. Bur. 

■*»>/ Sci., I<J49; c. E. Kellogg and F. D. Davol, JJf.E.A.C. Ser. Set., Puhl. 46, 1949. 

■ C. G. T. Morison rt a/,, J, Eeol., 1948, 36, I. 
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dry matter and 600 to 1,000 lb. of nitrogen. Yet in well-drained tropical 
rain forests there may only be a thin layer of dead and rotting but 
unhumified vegetation lying on the soil surface that may not be thick 
enough to cover the surface of the soil. In fact H. Jenny^ found in such 
forests in Colombia that the weight of the forest flour lying on the soil 
was only about 2 tons per acre, although as the rainfall decreased so the 
weight of litter increased. 

This dead vegetation is rapidly attacked by saprophytic organisms 
and though no quantitative estimates are available, it is pi|obable that 
the soil animals play a relatively more important role here\than in the 
temperate regions. Further, the organisms decomposing\ this dead 
vegetation do not produce humus, in the temperate sense o^ the word. 
The soil may contain very high amounts of carbon and nitl’ogen, but 
this organic matter has a much lighter colour, or may be almost colour- 
less under natural conditions. Nothing is known about the composition 
of this material. V’ageler states that it darkens on oxidation and drying; 
that it is probably water-soluble, and that it contains acidic groups. 
Thus the soil just below the forest floor may be very light in colour, 
a light yellow to thrown, or may have a bright red colour, yet 
contain several per cent of organic matter. It seems to be generally 
true that the humus in all well-drained tropical soils is lighter in 
colour than in the temperate regions, and that many tropical soils 
with impeded drainage have an intense black colour although 
they may only contain small amounts of organic matter. Hence it 
is almost impossible to judge the organic matter content of the soils 
in these regions from their colour. 

Another characteristic of many well-drained tropical soils on old 
land surfaces is their extreme poverty in plant nutrients. Such soils 
may carry luxuriant virgin forest but yet have almost all their supply 
of plant nutrients present in the living or dead plants and animals or 
their ephemeral decomposition products. Hence, once such land has 
been cleared of vegetation and a few crops taken and removed, all the 
plant nutrients will also have been removed and the soil left in a condi- 
tion of extremely low productivity. 

The outstanding feature of most* chemical analyses that have been 
made on undisturbed well-drained soils in the humid tropics has been 
the uniformity in the chemical composition of the soil, the clay and 
the free sesquioxides down the soil profile. ^ In so far as the soil weather^ 
it must dissolve away completely, leaving virtually no residue behind. 
The colour of the soils can be either red or yellow to brown. The red 

* Soil Scu, 1948, 66, 173. 

® See, for example*, F. Hardy and G. Rodrigues, Soil Sci,, 1939, 48, 361, 483; F. T*Scei>c 
et «/., ibid., 1938, 46, 23 (for Samoa); J. A. linnet, ibid., 1939, 48, 25 (for Ricrto Rico); 
G, J. Hough, US, Dept, Agru., Tech, Hull, 548, 1937 (for Hawaii). 
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•olour is probably developed under a climate having a hot annual dry 
;eason, whereas the yellow is more common either under a hot uniformly 
,vet climate or under a hot climate in which the hot weather coincides 
ivilh the rains and the cooler weather with the dry season. However, 
<oils devoid of iron Have a white to pale yellow or brown colour. The 
difference in colour is presumably due to the iron being present, 
limonite, hydrated FeO(OH) , under normal humid conditions but being 
r onverted to haematite, FcsOg, under hot dry conditions. But whenever 
the drainage is impeded, the yellow-brown colour is usually dominant. 

There is evidence that typical ptodsols can be found in the hot, humid 
tropics. They have been described as occurring in permeable quartz 
sand carrying a heath vegetation with a thin layer of acid mor on the 
surface of the sand. There is usually up to 10 to 20 cm. of Aj horizon, 
from 20 to too cm. of bleached Aj sand, followed by a B horizon that 
is enriched with iron and aluminium and may be indurated. Table 134, 
taken from some work of H. J. Hardon,^ refers to such a soil in the 
lowlands of Borneo. P. W. Richards^ has given other examples of 
podsols under tropical heaths from other equatorial regions. 

Podsols also occur in the uplands of tropical regions, at elevations of 
6,000 feet or over, when the climate is no longer tropical and the mean 
annual temperature will be about i5°C. instead of 25° C. Under some 
forest conditions the various layers in the profile can be very thick, and 
both Jenny and also Thorp and Baldwin have noted light coloured Aj 
layers up to 3 feet thick. 


TABLE 134 


The Composition of a Lowland Tropical 


Podsol from Bangka, Borneo 


Horizon , 
Depth in cm. 
Colour 


pH ... . 

Pvi cent clay 

Analysis of Clay Fraction: 

StOj , . 

AUOj . . 

TiOg . 

SiO, 




Ao 

0-10 

A, 

10-25 

black 

greyish 

black 

2-7 

3-9 

— 

1-6 

48-9 

.60-6 

18-8 

123 

6-4 

31 

10- 1 

142 

3-62 

717 


As 

B, 

25-40 

40-70 

greyish 

dark 

white 

brown 

61 

3-9 

0-6 

71 

65-2 

18-2 

lO-l 

70-7 

4-2 

4.4 

8-6 

2-7 

8-64 

0-42 


70-100 

light 

brown 

4-6 

4-6 

140 

73-2 

6-5 

2-7 

0-31 


I. Tijdsfhf Ned, Ind., 
mple of a tropical 

rciers to a profile at an elevation ol 2,000 tn. wncre luc daily and annual 

is 14® to i5®C. Tlic mean annual temperature at Bangka is about 20 c*. 

^ 1941 , j, £col., 1936 , 24 , I. 







CHAPTER XXXII 


THE INFLUENCE OF TOPOGRAPHY ON SOIL 
FORMATION 

I 

Effect of Impeded Drainage and Ground-water onl the Soil 

Well- DRAINED soils are characterised by downward leaching of oxygen- 
ated water, hence oxidising conditions occur throughout die profile for 
at least the greater part of the year. But once the downwar<i movement 
of water becomes impeded, so the micro-organisms and plant roots in 
the soil use all the oxygen in the water as fast as it is renewed, then 
reducing conditions set in. It is not that impeded drainage or high 
ground- water necessarily give reducing conditions; there must also be 
an agent in the layer of water-logging that not only removes oxygen 
from the water, but actually creates an oxygen deficit; and micro- 
organisms decomposing organic matter in this layer are the normal 
agents creating this deficit. 

The effect of reducing conditions in the soil is for the accessible 
trivalcnt iron and tetravalent manganese among the metals to bo 
reduced to the divalent condition, and for sulphates and nitrates to 
be converted to sulphides and ammonia. The effect of lowering the 
valency of the iron and manganese is to increase their solubility in the 
soil solution, for divalent iron can have a higher ionic concentration in 
the soil solution than trivalent, and divalent manganese is a simple 
cation whilst the tetravalent forms part of the very insoluble manganese 
dioxide. The effect of reducing sulphates to sulphides is to limit 
sharply the amount of microbial and plant root activity in the layer, for 
sulphides are very toxic to most plant roots and only a restricted number 
of anaerobic micro-organisms can flourish in their presence. 

Soils with impeded drainage are characterised by much of the iron 
and manganese being mobile, as well as some of the silicon, but the 
aluminium remains immobile,^ as it cannot be converted to a soluble 
form by reduction. Movement of aluminium is therefore more charac- 
teristic of well-drained than badly-drained soils, and differs markedly 
from iron and manganese in this respect. 

Impeded drainage and ground-water have another effect on the soil, 
for impeded drainage reduces the loss of tlie products of weathering 

’ R. S. Holmes el al,, UJS. Dept, Agric., Tech. Bull. 594, >938; I, C. Brown and J- 
ibid., 834, 1942. 
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from the soil, and both impeded drainage and high ground-water may 
actually allow products of weathering produced higher up in the soil 
profile, or from the soil or crust of weathering on higher ground, to 
accumulate. Hence, soil layers subject to high ground-water” or 
impeded drainage -are typically only slightly acid or neutral, and the 
exchange complex mainly contains either calcium alone or mixed 
with a considerable proportion of magnesium. These soils also often have 
the same content of exchangeable bases down the profile, whilst well- 
drained soils usually have a higher content in the surface layer, which 
is enriched with organic matter, than in the lower layers. Soluble silica 
also collects in this layer, particularly if ground-water is entering the 
area, so that if any clay is formed it is of the montmorillonitc type. This 
can be particularly well seen in some tropical areas having a pronounced 
wet and dry season, where the soil has only a limited permeability. The 
soil in all the small depressions is black and some of its clay is beidellite 
or montmorillonitc, and the soil on all the small hillocks is red and the 
clay mainly kaolinitic;^ though this simple picture does not apply in 
all such situations in the tropics. 

Impeded drainage or high ground-water can have another conse- 
quence in arid basins draining more humid hill or mountain land, for 
the ground-water is enriched in the products of weathering of the 
uplands, and as it evaporates it leaves behind the soluble salts it con- 
tained when it entered the basin. In this way soils can become so 
enriched in salts that most plants cease to grow. But salt soils and 
problems connected with the control of saline ground-water are 
so important in irrigation practice that they will be dealt \^ith in 
Chapters XXXIII-XXXIV. 

The outstanding visual characteristic of soil layers in which strong 
reducing conditions prevail is the colour of the soil, for it is a light 
grey colour tinged with blue or green, presumably due to the ferrous 
iron present, though what these compounds are is not known, for the 
colour does not readily become brown on drying or when exposed to the 
air, and it persists for a long time after the field has been drained. 
It is soil layers with this colour that are called glei, or gley, a Russian 
peasant word for this soil. The chenlical characteristics of gley horizons^ 
are, as already mentioned, that they are neutral or only mildly acid, 
they contain ferrous iron, much of it as exchangeable ions,® but some in 
other combinations that have not been identified, and they are usually 
low in phosphates.® The cause of the disappearance of phosphates 


' O. Nagclschmidt, A. D. Desai and A. Muir, J. Agric. Set., 1940, 30, ^^ 35 ^ __ 

-tor a full account of these, see A. A. Zavalishin, Gbn/ca Mm. \ol., Leningrad, 192B, 
lor an English summary of this paper, see,}. S. Joffe, Soil Set., I 935 i 39 > 39*- p„rh,v,rnl 
, “V. Ignaiieff, Soil Set., 1941. ^, 249 A. A. Zavalishm 

’940, 11, 189. » .« a t , Glcntworth, Nature, 194/, iS 9 > 44 '- 
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from these layers is not understood, but it is probably connected 
with the reduction of iron from the tri- to the divalent state; for 
ferrous phosphate appears to be relatively mobile in the soil profile. 

But soils having impeded drainage, or subject to the influence of 
ground-water, usually have a zone that is only S'ubject to reducing 
conditions for part of the year, and to normal oxidising conditions for 
the remainder. Thus, in many parts of the temperate regions, reducing 
conditions occur nearer the soil siuface in the winter six months, when 
plant growth is very limited, than in the summer six mjonths, when 
transpiration is active. These conditions of alternating o^ddation and 
reduction have a great influence on the distribution of iron and man- 
ganese in the soil, for they tend to accumulate in this lay^r. During 
periods of reduction, divalent iron and manganese tend to\move into 
this layer, usually from below, and then be oxidised in the subsequent 
period of oxidation; and the tendency is for more iron and manganese 
to move into this layer than out of it. The first effect of this is for the 
soil in this layer to become mottled or flecked with grey and yellow, the 
grey being the areas where reducing conditions still prevail, and the 
yellow being the deposits of ferric hydroxides. 

As this process of iron and manganese accumulation proceeds, the 
pore space between the soil particles becomes increasingly filled with 
the iron and manganese deposits, and a definite indurated layer is 
formed which may become a continuous hard pan and which restricts 
drainage even more. On the whole, this pan formation is more pro- 
nounced the more permeable the soil, probably both because oxidising 
conditions can set in more quickly in summer and also because organic 
matter can wash down more easily, so that stronger reducing conditions 
can be set up during its decomposition. As the temperature increases, 
so the pan tends to become harder, although there also appears a 
tendency for it to develop more as concretions than as a uniform pan. 
These concretions are black to brownish black in colour, high in iron 
and often in manganese, and containing soil particles embedded in this 
cement.^ Further, as the iron pan thickens, so usually docs the materi:il 
below the pan lose so much iron that its colour lightens. These pans, 
when well developed in the tropifcs, form the ground-water laterilcs 
discussed on p. 561. 

Impeded drainage and ground-water have a marked effect on vegeta- 
tion as soon as they cause reducing conditions in the root zone of the 
plants, for reducing conditions arc very inimical to root development, 
and they also slow up the rate of decomposition of the organic matter. 
Hence, they encourage shallow rooting and peat formation. Peat, like 

* For analyses of concretions from Illinois podsols, see E. Winters, Soil ScUi t93®» 4^’ 
or Oregon podsolic soils, C. C. Nikiforoff and M. Drosdoff, ibid., 1943 , 5 $, 459* 
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mor, accumulates on the surface of the mineral soil, but diffen from it 
in the greater accumulation of certain of the organic fractions. There 
is, however, no sharp transition between peat and mor: as reducing 
conditions set in, so the number of species of organisms in the organic 
layer decreases, ifid so does the rate at which they decompose the 
more resistant fractions of the litter. Organic matter rich in lignin-like 



20 - 

A- 

40 - 



Peal moss. 


I-.r; 1 0 Humus content and amounts of silica and sesquioxides cxlractcJ b> the acid-oxalale 
method from two peat proliles. 

I’he A layer in each profile represents the peal layer. 


material and in hemicelluloscs thus begins to 

prolonged the reducing conditions, the greater the thij:kness d Ae peat 

n the peat layer is not too thick, so the ground-water 

in theSoil, a gley horizon develops under the 

accumulates, as shown in Fig. 49,* and this may however 

give the iron-ore concretions typical of many o .. ® ‘ remains 

the peat thickens too much, because the 

permanently water-logged, there is no means 0 p. 

and no such accumulation soils between the 

grouritf-water^ml rises. The horizon begins to deepen at the expen 
> From O. Tamm, Midd. ShgifatMsml., 1932. ‘^ 3 - 
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of the Aq or mor, due perhaps to grasses and herbs replacing the trees 
and returning more organic matter into the soil itself, in the form of fine 
extensive root systems, than the trees A At the same time the amount of 
organic matter deposited at the top of the horizon increases and 
gleying becomes noticeable a little distance below the "base of B horizon. 
These changes convert the well-drained podsol — Frosterus’ iron podsol 
— ^first to his iron-humus podsol then to his humus podsol. * These 
various types of podsol can, however, occur very close to each other in 
the field, apparently without the ground-water conditioiis showing 
striking differences, so it is possible that changes in ground'Water level 
are not the only ones that can convert an iron into a humus podsol. As 
the ground-water, or gley horizon, rises still more, so the Aq horizon 
thickens, the A^, A,, and B thin, and the translocation of htjmus and 
sesquioxides becomes less, giving first the peat podsol, then the gleyed 
peat and finally the peat moss. The profile changes from the iron to 
the peat podsol are shown diagrammatically in Fig. 50, and the dis- 
tribution of humus and the oxalate soluble iron and aluminium in the 
iron and iron-humus podsols have already been given in Fig. 48 on 
p. 572 and in the phat podsol and peat moss in Fig. 49. 

Soils in a small region formed on a common parent material have 
been separated into four groups by J. H. Ellis.® He introduced the 
words oromorphic to describe well-drained coarse sands and gravels 
incapable of holding much water, phytomorphic for well-drained loams 
and clays which hold a considerable amount of water when wet but 
drained, hydrotnorphic for soils severely affected by ground-water and 
phyto-hydromorphic for soils having impeded drainage. Ellis'* himself, in 
Manitoba, and R. Glent worth® in Scotland have shown the value ol 
terminology in classifying and mapping soils in regions where the drain- 
age conditions are more variable than the parent material. 

Pan Formation In Soils 

Many types of pan can develop in the sod: the iron-humus hard pan, 
or indurated horizon, that sometimes develops in well-drained podsols, 
the iron-manganese hard pan that develops under conditions of fluctu- 
ating water table, and the clay pan can all be found in humid or semi- 
arid climates. In hot arid climates pans due to calcium carbonate 
(p. 582) and gypsum can occur, and in some hot climates with a 

^ H. Pallmann, A, Hasler and A. Schmuaiger, Bodenk. PflErndhr,, 1938, 9, 94. ^ 

* For an earJy discussion of these types of podsol, sec B. Frosterus, GeoL Komm. Finland, 
GeoUck. Medd., 14, 1914. 

Agric,, 1932, 12, 338. 

* The Hoiis oj AlanHoha. 

® Tram. Roy, Soc. Edinb., 1944, * 49 * 
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pronounced dry season, pans may also be due to silica cementing soil 
particles together. C. C. NikiforofF and L. T. Alexander^ have given 
an example of such a silica pan from California, and E. Winters® of 
one from Tennessee. They are presumably due to some of the mobile 
silica in the soil Elution, which has been produced by weathering 
during the wet period, being precipitated as a cement, instead of as 
secondary quartz, during the dry. However, A. K. Dutt® considers 
that this silica cementation only occurs when the clay is of the non- 
swelling kaolinite type and not of the swelling beidellite or mont- 
morillonite type. 

The clay-pan soils develop on level plateaux that have been subjected 
to weathering for a sufficiently long time, and they are known as plano- 
sols in America. The mechanism of the formation of clay pans has not 
yet been agreed. The first problem that needs an answer is the propor- 
tion of clay forming the pan that has been synthesised in situ to the pro- 
portion that has been washed into it from above. There seems little 
doubt that much of the clay in a clay-pan profile has been formed in 
the profile, because there is more clay in the profile in proportion to 
the sand fraction than in the parent material, buf there is little con- 
clusive evidence of the proportion of the clay that has been formed in 
the pan to that translocated into it from above. Some recent results 
of C. E. Marshall* and his co-workers illustrate the present state of our 
knowledge. They worked with Missouri prairie soils developed on a 
silty loam loess. They found that in one soil profile a column of soil 

I sq. cm. in cross-section and i-6 m. deep contained 68 gm. of clay, 
and they estimate that before w'eathering it would have contained only 
57 gm., so that 1 1 gm. of clay have been formed during the weathering 
process. In addition, they estimate that 1 1 gm. of clay were washed 
out of the top 45 cm. of soil and 22 gm. were gained in the next 
65 cm. There is no means of estimating how much of this extra 22 gm. 
is represented by the 11 gm. lost by the upper layer, how much 
represents clay formed in the upper layer and translocated into the 
clay pan, and how much was formed in the clay pan itself. Trans- 
location was probably responsible for most of the 1 1 gm. lost by the 
upper layer because it also lost 1 1 gm. of silt, all of w'hich appeared in 
the clay pan. But they further showed that the clay in the clay pan 
does not merely fill the interstices betw'een the silt and sand particles, 

II increases the average distance between neighbouring sand and silt 
particles, and in fact they found that the soil volume containing a sand 


* 942 , 53, 157. 

„ Pruc^ Soil Sci. Soc. Amcr., 1943, 7, 437. 

I * 94 <J. 65, 309- 

'>ilh E. P, W’hilcsidc, Mhfouii Asne. 
‘laieman, ibid., 387, 1945. 


Expt. Sta., Res. Bull. 386, 1944: with J. F. 
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Influence of topography 


ON SOIL FORMATION 






Fig. 50. Diagrammatic sketches ol podsol profiles. 




Salt soils in the Karun delta, Iran. Note the way the salt efflorescences 
occur in separate patches 
ipp. 386, 597) 


Plate XXXII 



Alternate strips of wheat and fallow near Monarch, Alberta 

(p. 624 ) 



Plate XXXIII 



Wheat stubble after being cultivated with the Noble cultivator 



Noble cultivator used for stubble mulch cultivation 
(pp^ 626t 634 ) 
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particle increased by 50 per cent in the centre of the pan compared with 
that in the undisturbed soil. In another two profiles, they fractionated 
the clay at the various levels and showed that the principal gain in clay 
in the pan was in particles smaller than 0-5 tx, which were principally 
composed of a beldellite type of mineral. There was some transloca- 
tion, but little formation of coarse clay particles, which were composed 
of quartz, felspar, kaolinite, illite and beidellite. 

The second problem in clay-pan formation is the mechanism which 
causes the precipitation of the clay in what is to become the clay pan 
if translocation of clay from the upper layers is important. It is possible 
that if clay-pan formation starts with clay forming in the interstices in 
the pan, then clay particles that are being translocated downwards 
are only stopped in this layer when it is sufficiently dense to filter them 
out of the downward-percolating water. But if the clay is precipitated 
in this layer it is probable that the mechanism is somewhat as postulated 
by H. Jenny and G. D. Smith, ^ who showed that clay pans could be 
built up in a coarse grained system such as sand or glass beads if an 
electropositive iron sol and a clay suspension were alternately allowed 
to percolate through the system. They also shotVed that if humic 
colloids were mixed with the clay, no pan was formed. 

The formation of the iron-manganese concretions and the iron pan 
under fluctuating ground-water is again not fully understood. Under 
many conditions the precipitation of the iron and manganese takes 
place on concretions already existing, so that the most favoured sites 
for iron and manganese precipitation is on iron and manganese oxide 
or hydroxide surfaces. The concretions have been analysed •by E. 
Winters® and by M. Drosdoff and C. G. Nikiforoff,® who showed 
that the smaller the concretion the higher its iron content, provided 
the concretion was above a certain minimum size, and the larger the 
concretion the higher its manganese content. The iron was nearly all 
soluble in Truog’s iron solvent, so was present probably mainly as 
lirnonitc Fc(OH)9, with perhaps some FegOj, but the form of the 
manganese was not determined. The concretions contained between 
5 and 1 7 per cent of iron and 0-5 to 8 per cent of manganese, which 
for manganese might be a hundred ’times higher than in the soil itself. 
The cause of the mobility of the iron and manganese is, as already 
pointed out, the alternations of reducing and oxidising conations, 
causing the metals to be present as simple divalent cations during the 
reducing periods and in insoluble unionised compounds during the 

oxidising. 

* '■ S^U Sci., igsr,, 39, 377; Missouri Agric. Expt. Sla., Rts. Bull, aio, 1934. 

‘Soil Sci., I93i), 46, 33. 

‘SeU Set., 1940, 49, 333. 
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TABLE 135 


Analytical Data for a Brown Earth Profile 


Depth In cm. 

0-10 

20-30 

30-40 

90-100 

pH 

5-26 

5-35 

5-24 

5-36 

Clay, per cent .... 

16-25 

14-87 

8-87 

5-85 

Exchangeable Ca (m.-eq.) 

3-2 

2-4 

1-2 

0-6 

Exchangeable H (m.-eq.) . 

9-7 

5-9 


2-4 

Composition of clay fraction — 



\ 


SIO 2 /R 2 O 3 ..... 

1-51 

1-45 

i-oi 

0-86 

SiOj/AUOs 

1-93 

1-92 

1 - 5 ^ 

2- 70^^ 

0-69 

1-16 


3-64 

3-08 

2-86 

Acid oxalate Fe^Oj, per cent . 

0-64 

3-00 

0-43 

Acid oxalate AI 2 O 3 , per cent . 

0-55 

1-75 

0-64 

0-44 

Organic carbon, per cent 

2-93 

1-88 

0-85 

0-31 

Organic nitrogen, per cent 

0-119 

0-097 

0-05 

— 

C/N 

• 

24-6 

19-4 

1 7-0 

*— 


Soil Formation on Hill Slopes 

Soils on hill slopes differ from those on level ground both because the 
percolating water will tend to move laterally across the profile instead 
of merely downwards, particularly if there is any layer of low permeabi- 
lity in the profile, and also because the surface soil will be subject to 
erosiotf. The soil profile will therefore lose less bases than that on level 
ground, as the percolating water will be enriched in bases from the 
higher ground, and the soils will correspondingly be less acid. Thus, 
in areas where podsols under mor develop on the flat, brown forest 
soils under mull tend to develop on the slopes. Table 135 ^ gives the 
analysis of such a soil developed on a 20 ® slope in a podsol region. 
The only indication of podsolisation is that the acid oxalate extract 
showed that iron and aluminium are being precipitated in the 20 to 
30 cm. layer, although this was ntjt apparent either in the amount ol 
clay present or its sesquioxide content. 

Soils on slopes are also liable to erosion, and this movement of soil 
down the slope may be of considerable importance even for slopes 
between 5 ® and 10 ®, for it will prevent the development of a strongly 
leached surface soil.® When the slope exceeds about to®, actual creep 
of the whole soil down the slope may become sufficiently important 
to mask any effect of weathering due to the percolating water. « 

•A. Muir, Foresliy, 1935, 9, 116. 

* G. W. Robinson, Nature, 1936, 137, 950; G. MiJnc, ibid., 1936, 138, 548. 
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THE CONCEPT OF THE SOIL CATENA 


The Soil Catena 


The separate effects of topography just discussed cause soil formation 
to follow a fairly definite pattern according to the topography of the 
site, whenever the parent material and the climate do not change appre- 
ciably over the area. On extensive plateaux and peneplains, where 
percolation is downward and erosion abnormally slow, clay-pan forma- 
tion, or planosol soils are characteristic, and since this causes impeded 
drainage, hard pans may also develop. On the top of hillocks and on 
the edge of plateaux, where percolation is good and normal erosion 
lakes place, the well-lcached soils are developed, and clay-pan and 
hard-pan formation is usually restricted. On the slopes percolation 
^vater enriched in bases and soluble products of weathering leaches 
across the profile, preventing the formation of profiles characteristic 
of purely vertical drainage, and pan formation is again rare. At the 
base of the slopes the products of weathering tend to collect, the soils 
ate neutral, a montraorillonitic type of clay forms, and drainage may 
become impeded. Further, hard pans may also develop due to a 
liuctuating ground-water table. * 

This succession of soil type is so characteristic of land forms with 
only moderate relief that G. Milne* used the word catena to include 
the whole sequence of soil types that are developed from the water 
divide to the valley. He initially introduced this concept as a recon- 


naissance mapping unit, but it was soon found to be very valuable for 
i^rouping together in systematic form the individual soil series, recog- 
nised by the soil surveyors in the field, that were related to each other in 
this way. It therefore includes the method introduced by J. H. Ellis 
(p. 590) for grouping together the soils of a small region that differ 
mainly in their goodness of drainage. Milne himself has given examples 
of these catenas in Tanganyika,® H. Greene® and C. G. T. Morison 
tt al.* in the Anglo-Egyptian Sudan, R. S. Holmes ci al.^ in the south-east, 
and I. C. Brown and J. Thorp® in the north of the United States. 
In hot, humid or semi-humid regions the leached soils are red, particu- 
larly in the subsoil, and as drainage becomes impeded so the colour 
changes through yellow to grey.^ * 

Tropical and subtropical catenary soil sequences differ from those m 
temperate regions in that the pH of the soil on the plateau decreases 
‘‘s the drainage becomes poorer in the warmer, but increases in t e 
cooler regions. The reason for this difference is that weathering goes on 


' ■''"il A ig.,; Trans. 3rd hit. Cotigr. Soil Sci.. Oxford, 1935, i, 

,7. ICcot.: 1947? 3^ «92. “ Soil AVe. .939. 6. 3^5. * 3 - 36. u 

Agric^f Tech. Bull. 594, 193®* 

o' the Norfolk catena. 
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faster in the wanner climate, so that a montmoriilonitic type of clay is 
formed having, in consequence, a high base exchange capacity, and 
therefore a low pR when unsaturated, whilst in the cooler climate mucli 
less of this is formed and more of the kaolinite and illite types, whicJi 
have a lower base exchange capacity and hence a higher when 
unsaturated. 

The effect of drainage on clay type and soil colour can be seen all 
over the tropics wherever the rainfall is high enough to ensure some 
leaching. Even quite small changes of relief are enough to give the 
change from red soils with kaolinitic clay in the better-drained areas to 
the black soil with montmoriilonitic in the less well-drained depressions. > 

Topography can have another effect on the soil and vegetation, for 
if changes of relief are sufficiently large, the climate becomes increas- 
ingly cool and humid as the land level rises. Hence, in the tropics 
and subtropics, mountain uplands have a climate, vegetation and .soil 
more similar to the temperate than to the true tropical regions, but as 
one goes down to lower levels the climate becomes increasingly hotter, 
and usually increasingly drier also. Hence, the podsols and bro^vn 
earths of the tropfcal highland give place first to the prairie, then the 
chernozem, then the desert and semi-desert soils of the arid lowlands 
on the one hand,* or, if the rainfall does not decrease, to the yellow, then 
red, and finally the black soils of the humid lowlands. 

^Sec G. Nagelbchmidt, A. D. Desai and A, Muir, J. Agric. Sci.f 1940, 30, 639, for an 
example of this from Hyderabad. 

*For example.? of thc.se changes, sec J. Thorp, Soil Sci^ 193 32, 283, for W'yomuj!;, 
\V. P. Martin and J. E. Flctdicr, Arizona Agric. Expi. Sia., Tech. Bull. 99, I9t3» for Ari/ojui. 
K, H, Spilsbury and E. \V. Tisdale, ScL Agric., 1944, 24, 395, for Britisli Columbia. 



CHAPTER XXXIII 
SALINE AND ALKALI SOILS 
Saline Soils or Soionchaks 

Under hot, arid conditions soluble salts accumulate in the surlace of 
soils whenever the ground-water comes within a few feet of the surface 
as may happen, under natural conditions, in the flood plains of rivers* 
the low-lying shores of lakes, and in depressions in which drainage 
water accumulates — in fact, in any region where marsh, swamp or 
other ill-drained soil would be found in humid regions. During dry 
periods the surface of these soils is covered with an efflorescence, or salt 
crust, which is dissolved in the soil water each time the soil is wetted. 

Saline soils typically have an uneven surface, being covered with 
small puffed up spots a few inches high that are enriched in salts, for, as 
explained on p. 386 and as illustrated in Plate XXXI, salts congregate 
in the most salty areas because these areas remain moist longest after 
tlic onset of drought. 

Saline soils normally show no change of structure down the profile, 
implying that the soil is barely affected by soil weathering and soil- 
forming processes; and such soils are known as soionchaks by the 
Russians and were called white alkali by E. W. Hilgard,' but are now 
u-sually called saline. Usually they are low in humus, because the 
natural vegetation cannot make much annual growth on tlicm. The 
salts usually present in the soil are the sulphates and chlorides of 
sodium and calcium, though nitrates occur in a few places, and 
magnesium sometimes constitutes an appreciable proportion of the 
cations. Under these conditions, the /^H of the soil is below 8'5 and 
the colour of the soil surface is light. Ho\vever, under some conditions 
an appreciable proportion of the salts present may be sodium carbonate 
which will raise they^H of the soil to 9 or even up to 10. If other salts 
are only present in small concentrations, this sodium carbonate may 
cause the humic matter in the soil to disperse and take on a black 
colour, giving the black alkali soil of Hilgard, which will be discussed 
in the next section under the heading Alkali Soils. 

Saline soils may contain over 100 tons per acre of salt in the top four 
feet of soil, that is, the salts may constitute over i per cent by weight of 
the .soil, though many saline soils contain less than this. The natural 
''Pgetation on such soils has a very high ash content, up to one-quarter of 

* Soils, New York, 1906. 
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the air-dry plant may be ash, and the greater proportion of the ash may 
be soluble salts, typically sodium chloride. Hence, the vegetation will 
also bring salts to the soil surface, but its effect is probably small, 
amounting to under 200 lb. per acre annually,^ owing to the small 
amount of total growth made per year. 

The source of the salts in natural saline soils is usually the ground- 
water, which is enriched with salts from two sources. Part, sometimes 
all, is derived from the weathering of rocks in the upper reaches of the 
river, and part is sometimes derived from salt deposits laid down in 
early geological periods in strata through which the ground-water 
moves. Saline soils have also been produced artificial!^ by faulty 
irrigation, for irrigation always involves putting salts on tjhe land as 
well as water. Hence, salt control is a fundamental part o( irrigation 
and will be discussed in detail in the next chapter. 

Alkali Soils: the Solonetz and Solod 

When the water table in a natural saline soil falls, so that salts no 
longer accumulate, in its surface, the rain-water washes the salts that 
were there down the profile, and this process sometimes causes consi- 
derable chemical changes to take place in the profile. If the salts arc 
predominantly calcium, or if during the process of \vashing out over 
90 per cent of the exchangeable ions remain calcium, then the saline 
soil is converted into the steppe or semi-desert soil appropriate to its 
region. 

Much more radical changes in the surface soil take place if the cal- 
cium reserves in the soil are so low that, during the washing out of the 
salts, an appreciable proportion of the exchangeable calcium ions arc 
replaced by sodium. Sodium ions only need to constitute 12 to 15 per 
cent of the exchangeable ions to reduce the water stability of the soil 
structure sufficiently for the clay and humic particles to disperse. Thi'^ 
harmful effect is accentuated by sodium carbonate being formed in the 
soil solution during the final stages of the \vashing out of the salts, 
causing the pVL of the soil solution to rise, often above 9, and conse- 
quently increasing the ease of dispersion of the fine particles. 

For a long time the source of the sodium carbonate produced during 
this washing out was not understood, although P. de Mondcsir^ in 
1888, and K. K. Gedroiz* in 1912, gave essentially the correct explana- 
tion. Carbonate and bicarbonate anions are being continually pro- 
duced in the soil by the carbon dioxide given off by the plant roots 


^ V. A. Kovda, Pedology ^ 1 944, Nos. 4-5, 1 4 ^ . 

* C.i?., 1888, 106, 459. 

* J. Expt, Agron, (Russian), 1912, 13, 363. 
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and soil organisms, and these anions must be neutralised by cations or 
hydrogen ions. These cations will be obtained from the exchangeabk 
cations in the exchange complex unless there arc reserves of calcium 
carbonate in the soil. Hence, if there is an appreciable proportion 
of exchangeable sodium ions in the soil, enough will come into the 
soil solution to give what is in effect a solution of sodium carbonate 
strong enough to raise the jbH of the soil to 9 or over. 

These conditions of high alkalinity and low salt content lead to the 
clay and organic matter particles becoming deflocculated and the soil 
structure water-unstable. The soil surface becomes dark-coloured, 
often black, due to the dispersed humic particles; the surface typically 
dries into large, very hard, prismatic units having well-defined edges 
and smooth surfaces; and clay particles tend to wash down the profile, 
giving an incipient clay pan. Soils in this condition were called black 
alkali by Hilgard — he used this name without regard to the amount 
of other salts present — and they are extremely difficult soils to handle, 
for they are very plastic and sticky when wet and form hard compact 
clods when dry. 

The second stage in the washing out of salts, when there is an 
appreciable proportion of exchangeable sodium in the exchange com- 
plex, is for clay and organic matter to move down the profile into the 
developing clay pan, with the consequence that the profile becomes 
banded rather like a podsol. The surface soil is dark grey, owing to 
the deflocculated humus, then comes a pale layer, and then another 
dark, very compact layer having a ver)' sharply defined upper surface 
and merging gradually into the subsoil with increasing depth. The 
darker colour of the compact layer compared with the layer above it 
may be due to its higher clay content, for it does not always have a 
higher content of organic matter.^ The top two layers have lost much 
of their clay, and have a loose, porous, laminar structure, whose upper 
surfaces may be paler than their lower, possibly because of silica being 
deposited on them. The clay pan cracks on drying into well-defined 
vertical columns having a rounded top and smooth, shiny, well-defined 
sides which can be broken into units about 10 cm. high and 5 cm. 
across with a flat base. Below this the columns break into rather smaller 
units with a flat top and bottom which on light crushing break up into 
angular fragments. 

As the leaching of these desalinised soils proceeds, the upper two 
horizons deepen, and often become slightly acid in reaction. Gedroiz, 
who was one of the first to give a plausible account of the chemica 
consequences of the process, noticed tliat the content of amorp ous 

* A. L. Brown and A. C. Caldwell, SoU Sci., i947> 63> *^31 S*''’’® illuaration ol this for 
well-lcachtd Minnesota soils. 
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silica in these horizons, and particularly in the top darker horizon, 
increased. The further development of these soils has not been worked 
out in detail, though some of B. B. Polynov’s work suggested that the 
very characteristic clay pan becomes less pronounced, possibly because 
of sandy material from the A horizon washing down in the cracks 
between the structural units. 

These soils are called solonetz in the early stages and solod in the 
later stages of their development by the Russians, and they have been 
extensively studied on the river terraces of southern Russia aind Central 
Asia.^ Gedroiz assumed that they formed under the influence of 
exchangeable sodium, as given in the account above, and this assump- 
tion has been accepted by many other workers. But there\are large 
areas in western Canada and the United States^ where soils having the 
morpholog)' of these solonetz and solods are found, yet where sodium 
forms a very minor proportion of the exchangeable ions. It is possible 
that tliey originally contained over 12 per cent of exchangeable sodium, 
but that nearly all of this has now been lost by leaching. However, most 
of these soils that are now low in exchangeable sodium contain over 
40 per cent, or evep over 50 per cent, of exchangeable magnesium. 
It is, therefore, possible that if during the leaching out of soluble salts 
the exchange complex acquires a high proportion of exchangeable 
magnesium, the soils will partially deflocculate and undergo the same 
type of profile development as soils with a high proportion of exchange- 
able sodium. Hence, much more critical work must be done before 
one can decide just what changes can only be brought about by 
exchangeable sodium, and what by either exchangeable magnesium or 
other causes. 

Unfortunately, the processes at work during the formation of solonetz 
and solod soils have not been critically examined by present-day 
techniques. Thus little is known about the weathering tliat takes place 
in the A horizons of these soils, or the source of the silica that can be 
dissolved by treating the soil with 5 per cent KOH — the method used 
to determine amorphous silica — or the movement of iron and alu- 
minium hydroxides, if it takes place. Similarly, little is known about 
the clay in the B horizon, whether it was mainly leached down from 
the A, or whether it was mainly synthesised in situ. Even the type 
of clay in tliis horizon has not been investigated in detail. I. 

* For some detailed Russian work, see K. K. Gedroiz, Nosovka Agrk, ExpU Sta.f Bulk, 
1925; 44, 1926; 46, 1928; D. G. Vilensky, Salinised Soils^ Moscow, 1924; V. A. Ko\cia, 
Sclomhaks and SoltmUi Moscow, 1937. J, S. Joffc, in his book Pedology ^ New Brunswick, 
has given a long summary of Gedroiz’s and Vilensky ’s work. 

® See, for example, W. P. Kelley, Amer. Soil Survey Assoc., 1934, 15, 45 (California); C-. 
Kellogg, Soil Scu, 1934, 38, 483 (N. Dakota); C. O. Rost and K. A. Machl, ibid.,. 

55, 301 (Minnesota); J. M. MacGregor and F. A. Wyatt, ibid., 1945, 59, 419 (.Mberw/; 
C, F. Bentley and C. O. Rost, ScL Agric., 1947, 27, 293 (Saskatchewan). 
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Sedletsky,! for example, claims to have isolated from Russian solonetz 
a clay mineral characteristic of these soils which he called Gedroizite, 
and which he considers to be a vermiculite in which the magnesium 
is replaced by sodium and potassium. W. P. Kelley and his co-workers, ^ 
on the other hand,- could only find an illite in the B horizon of the 
Californian solonetz-type soils they worked with, whilst A. L. Brown 
and A. C. Caldwell® found montmorillonite was the principal clay 
constituent in a number of acid solod soils, although some illitic clay 
was also found, particularly in the A layer. 

It is interesting to guess at the minimum number of processes 
needed to obtain the solonctz-solod profile. Its characteristics appear to 
be a darker and B and a lighter Aj horizon, a porous A and a 
compact B, and a clay pan breaking into columns having rounded 
tops. Most clay pans containing montmorillonite-beidellite type or 
illite type clays naturally crack into these columns on drying, except 
they usually have all their sides sharp. The rounded top is presumably 
due to the original sharp edges breaking away at the top, perhaps due 
to their water-instability, which in turn would be caused by them 
having much exchangeable sodium or magnesiun\ in their complex. 
The B structure is, therefore, probably more characteristic of the clay 
mineral than of the exchangeable sodium or magnesium. The dis- 
persion of clay in the A horizon and precipitation in an already formed 
clay pan below probably merely indicates the absence of salts and 
perhaps also requires low calcium. The formation of the Aj horizon 
may only mean that the pores are wide enough to let humic matter 
pass, and the darker B due to them being so fine that it collects there, 
riie process that seems to be characteristic of these soils, and needs 
detailed investigation before any specific theories can be formulated, 
is the formation of amorphous silica. 

Under natural conditions, areas of saline and alkali soils usually 
contain a mixture of solonchak and solonetz, or solonetz and solod, or 

cn all three together, depending on the relief of the area. The low- 
i.» ’.ng spots may be solonchak, those on moderate relief solonetz, and 
oil higher ground solod; and differences in level of as little as i to 2 feet 
Can have a great influence on the stage in the solonchak-solonetz-solod 
chain that the soil has reached. 

Areas containing much solonetz soils may be very misleading to the 
inexperienced, for in some stages of development the dry soil is black 
niid powdery and looks as if it ought to be fertile. It is only when wet, 
and particularly after heavy rain or irrigation, when water is held on 


> C.R. Acad. Sei. {U.SS.R.), i944. 33. 308 ; >937. *7. 255- 
* Soil Sci., 1941, 51, 101. 
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the soil surface because of the impermeable B horizon that one realises 
how intractable they are. Some solonetz landscapes, however, are 
characterised by the surface being covered with shallow depressions 
from which the loose soil appears to have been removed, leaving the 
top of the B horizon uncovered. These depressions,* known as shck spots 
or bum-outs in the western United States and Canada, are naturally 
extremely unfavourable for agriculture,^ for the compacted clay pan 
is relatively rich in the montmorillonitic type of clay and has an 
appreciable proportion of exchangeable sodium or magnesium, hence 
is impermeable, plastic and sticky when wet, and hard when^dry, never 
having a crumbly, mellow tilth. 

^ Sec, for example, R. Gardner et c/., Colorado Agric, Expt. Sta.j Tech, Buff, 20, 1937; 

W. Fitts et fl/., J. Amer. Soc. Agron,, 1939, 31, 823. \ 



CHAPTER XXXIV 


THE MANAGEMENT OF IRRIGATED SALINE 
AND ALKALI SOILS 


The Effect of Soluble Salts on Plant Growth 

Soluble salts can have two types of effect on the growing plant: 
specific effects due to particular ions they contain being harmful to 
the crop, and a general effect due to them raising the osmotic pressure 
of the solution around the roots of the crop. 

Specific effects fall into two classes: those operative at low and those 
at high concentrations. Of the former only two salts arc normally 
of importance — sodium carbonate and soluble borates. The former 
may be harmful in itself, but its harmful effect is more likely to be 
due to the consequences of the high />H it brings ibout. Thus, many 
nutrients, such as phosphates, iron, zinc and manganese, become 
unavailable to the plant at these high pHs on the one hand, and the 
soil structure tends to become water-unstable on the other, thus bring- 
ing about conditions of low water permeability, poor aeration and an 
unkind, almost unworkable tilth. Borates are directly toxic to the crop, 
and water containing as much as i part per million of boroii, present 
as borate, depresses the growth of borate-sensitive crops, whilst water 
containing over 2 parts per million is unsuited for irrigation.^ 

Some ions may also have a toxic effect at high concentrations which 
enhances the harmful effect of mere concentration. 1 hus, some crops, 
such as peaches and beans, are damaged by chlorides in the soil 
solution at osmotic pressures at which sulphates do not harm them, 
whilst others, such as flax and some grasses, are more tolerant ot 
chlorides than sulphates at equal osmotic pressures. Again, at equal 
fairly high osmotic pressures, magnesium ions are more toxic t an 
calcium, and calcium may be more toxic than sodium, tioug t ese 
harmful effects have not been recognised in practice because in general 
sodium is a dominant ion in ver>' saline soils. High contents o so lum 
ions sometimes appear to have a secondary harmfu e ec w 
occur in soils veiy low in calcium, for then the crop will suffer from 

of a high ... content in the toil h » give a 
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dwarfed, stunted plant, but this is often not apparent in the field if 
■there are no patches of low-salt soil to act as controls; and losses of 
20 per cent or more of yield of the crop can be due to salts without 
salt damage being apparent to the fanner. As the salt content becomes 
higher the stunting becomes more noticeable, the "leaves of the crop 
become dull-coloured and often bluish-green, and they become coated 
with a waxy deposit. Further, many crops growing in very saline soils 
do not display the symptoms of wilting very clearly, so they can be 
severely set back by lack of water before the farmer is fullyj aware of 
their suffering. I 

A high salt content around the roots of the plant markedw reduces 
their power of absorbing water. Thus, J. D. Newton,^ as loRg ago as 
1925, showed that the energy barley plants must expend ti absorb 
water increases as the osmotic pressure of the solution in which they 
are growing increases, and H. E. Hayward and W. B. Spurt® have 
shown that maize roots absorb water at only one-third the rate from 
a solution of osmotic pressure 4-8 atm. as from one at o-8 atm. Further, 
as already discussed on p, 400, the effective lowering of the free energy 
of the water in the soil is the sum of that due to the osmotic pressure of 
the soil solution and to the curved air-water menisci bounding its free 
surface, and the case with which the plant root can extract water from 
the soil decreases as the free energy of the water in the soil decreases. 
Hence, raising the osmotic pressure of the soil solution is equivalent to 
raising the suction of the water held by the soil, but whether this is the 
sole cause, or only an important one, of the osmotic pressure reducing 
the rate of intake of water by the root needs further investigation, 
although the results given in Fig. 37 on p. 401 suggest that it must he 
the predominant factor. 

O. C. Magistad and his co-workers at the Regional Salinity Labora- 
tory at Riverside have recently published much work’ on the relation 
between the osmotic pressure of the solution around the plant roots 
and the amount of growth the crop makes, and they concluded that, 
on the whole, there is a linear relation between the reduction in yield 
and the osmotic pressure of the solution, though, as shown in Fig. 36, 
the linear relation docs not necessarcly hold for crops sensitive to salts. 
Thus, H. G. Gauch and O. C. Magistad^ showed that the yield of 
lucerne was reduced about 10 per cent for each increase of i atm. in 
the osmotic pressure. This factor naturally depends on the plant, for 
some are more tolerant of high osmotic pressure than others. Thus, 
beans growing in a solution of osmotic pressure 4-4 atm. only gi''^ 

‘ 5 ci. Agric., 1925, S, 318. *Bot Gag., 1947, X05, 15a. 

®See, for example, Plant Physiol,^ 1943, 151, 556. 

* J. Amn. Soc. Agron.^ I 943 » 35 » 
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20 per cent, whilst cotton and sugar-beet give 70 per cent of their yields 
when growing in a o-4-atm. solution.i Further increasing the osmotic 
pressure reduces the amount of water transpired by the crop, F. M. 
Eaton,® for example, found that for a variety of salt-tolerant crops 
growing in sand culture at Riverside in solutions of increasing content 
of sodium sulphate, that the amount of growth made and of water 
transpired during a season were: 


Osmotic pressure of solution in atm. . 

07 

1-8 

3-5 

5*1 

Dry matter produced, kg. per 18 sq. ft. 

11-4 

8-9 

6-3 

37 

Water transpired, thousand litres 

6-4 

4-8 

3-5 

2-4 


Eaton also showed that the cell sap of the plants maintained an osmotic 
pressure about 10 atm. higher than that in the culture solution, 
presumably due to the extra amount of salt taken up. 

It is only since about 1940 that research workers have fully appre- 
ciated the significance of this effect of salts in increasing the effective 
suction of the water in the soil, and its consequences on the irrigated 
farm; for the greater the salt content of the soil, the less water the crop 
can remove from it before it begins to sufl'er from water shortage. 
Soils with a high salt content require therefore more frequent irrigation 
than similar soils of low salt content, and, as already noted, the crops 
growing on them do not wilt so plainly, so that it is more difficult for 
the farmer to see when an irrigation ought to be given. These two very 
important practical points have only recently been properly appreci- 
ated by agricultural advisers. 

Plants differ in their pow'ers in being able to withstand the harmful 
cfl'ect of salinity, or its consequences in the field. In the first place, 
as L. J. Briggs and H. L. Shantz® showed in 1912, plants have different 
abilities to extract water from soils in the waiting range, and the 
plants that are natural inhabitants of saline soils tend to have greater 
ability to extract water from soils at the drier end of this range. But 
no statement can yet be made about the existence of any correlation 
bctw'cen tolerance to salts and ability to use water held at free energy 
depressions of, say, 15 atm. But not only must the crop be able to take 
Water from the saline solution, it "must also be able to take it quickly 
enough to maintain a proper transpiration rate if it is to make growth, 
and since one of the effects of the salt solution is to slow down the 
absorption of water by the roots, one would expect that plants would 
be more affected by a given salt concentration under conditions 0 
Wgh transpiration rates, that is, in hot deserts, than of low rates m 

* O. C. Magktad and R. F. RcUemcir, Soil Set., 1943, SS> 35 * • 

» J. Agrie. Jits., 1949, 64, 357* 

* JSflt. C«., 1912, 53, 229. 



6o6 MANAGEMENT OF IRRIGATED SALINE AND ALKALI SOILS 

cooler regionl. This may be a valid deduction, but its field importance 
has not yet been established,^ 

In practice, salt tolerance is a very complex concept. The tolerance 
of a plant may be low when it is young but high when established — 
lucerne is an example of this. The plant may be able to keep alive at 
high salt contents, but will make very little growth under these condi- 
tions and only grow slowly under moderate salt contents, and hence be 
of little commercial value — some of the alkali grasses are examples. 
Again, though the plant may be able to grow in fairly salinje soils, the 
quality of the part harvested may be alfected. Thus, cereals will grow 
and produce much green matter in soils too saline for them to produce 
any grain; sugar-beet growing in saline soils produces a ro^ low in 
sugar which is difficult to refine; and forage crops may contain so much 
salts that they are unpalatable or injurious to livestock. Again, in 
practice, salt tolerance is often bound up with tolerance of alkali, 
high /?Hs and low calcium on the one hand, and ability to withstand 
prolonged water-logging during irrigation, which is a common conse- 
quence of alkali, on the other. The effects of these various factors 
on the development of different crops arc only now being examined. 
Hence, lists of salt-tolerant crops are still largely based on practical field 
experience in which these factors have not been properly separated out. 

Recent American experience has graded crops into three categories: 
tolerant, moderately tolerant, and sensitive to salts, and an example of 
such grading is given in Table 136,^ where plants are arranged approxi- 
mately in order of salt tolerance in the fruit, arable and ley classes. 
Dates, sugar-beet, cotton and some grasses fall into the tolerant group, 
and some of these are very tolerant of salts, whilst peas, beans and most 
clovers are in the sensitive group. But different varieties of a plant, 
particularly cottons and strawberry clovers, have been found to have 
different salt tolerances, so there is a possibility that plant breeders will 
be able to increase the salt tolerance of any particularly desirable crop. 

Some information is now available about the amount of salt a soil can 
hold before the crops on it begin to suffer appreciably. O. C. Magistad 
and R. F. Reitemeier^ showed that if the soil solution held at 15 aim. 
suction has an osmotic pressure less^^tlian 2 atm., that is, if it contains 
less than 0*4 per cent of dissolved salts, no crops suffer from salt trouble, 
but if the osmotic pressure at this suction is 10 atm. most crops suffer 
severely; and provided the soil solution does not contain appreciable 
amounts of sodium carbonate or borate, the composition of the salts is 
relatively unimportant compared wdth their effect on the osmotic 

^ For examples of its validity, sec O. C. Magistad et al.^ Plant Physiol., 1^43, 151* 

* Diagnosis and Improvement of Saline and Alakali Soih, U.S. Regional Salinity Laboiratofy» 
*954- See also U.S, Dept. Agric. Tearbook, 1 943-7, and Circ. 707, 1944, for other similar lists. 

*SoUSci., 1943, 55, 351. 
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TABLE 136 

The Relative Tolerance of Crops to Salts in the Western States 

of America 


Good tolerance 

Moderate tolerance 

Sensitive 

Date 

Pomegranate 

Fig, olive, grape 

1 

Pear, apple, 
orange, grapefruit, 
almond, apricot, 
peach 

Barley 

Sugar- and fodder-beet 
Rape, kale 

Cotton 

Rye, wheat, oats 

Rice, sorghum 

Maize 

Potatoes, peas 

Field beans 

Green beans 

Bermuda and 

Rhodes grass 
Bird*s-foot trefoil 

Sweet clover 

Ryegrass 

Strawberry clover 
Lucerne 

Cocksfoot 

White, alsike and 
red clover 

Ladino clover 


pressure of the solution. The safe contents of salts in the soil can be 
expressed in other units. A soil is made up to about the sticky point 
with water, and then some of the solution removed by suction; if this 
solution contains up to 3,000 parts per million of salts, or has a specific 
conductivity at 25^0. of less than 4 millimhos per cm., no crop is likely 
to suffer from general salt injur)^, but if the salt content exceeds 5,000 
parts per million, or the conductivity 8 millimhos per cm., then only 
salt-tolerant crops will grow, and even their yields are likely to be 
reduced, whilst if it exceeds 10,000 parts per million, or the conductivity 
exceeds 15 millimhos per cm., then no agricultural crops are likely to 
give economic yields.^ 


The Control of Soluble Salts in the Soil 

Irrigation water is continuously adding soluble salts to the soil which, 
unless they are continuously removed, must soon accumulate to such 
un extent that no crop can grow on the land. Ihus, no irrigation 
scheme can last long that does not ensure that the salts brought into 
the surface soil are removed from the root zone of the crop as fast as 
they arc brought in, and that the salt content at which this equilibrium 

n Improvement qf Saline and Alkali SoiL\ U.S, Regional Salinity Laboratory, 
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occurs is low enough not to harm the crops appreciably. That this is, 
ill fact, often very difficult to ensure can be appreciated from the fact 
that crop yields are said to be reduced by lo to 20 per cent over much 
of the twenty million acres of irrigated land in the Western United 
States by salts alone. 

The general principles of salt control are to use water with as low 
a salt content as possible, to maintain the ground-water level at least 
6 feet, and preferably deeper, below the soil surface, and to flush 
accumulations of soluble salts from the surface soil into tlje ground- 
water. 


TABLE 137 

Salt Contents of River Waters Used for Irrigation \ 
. , i 



Parts per million in water 

Tons per acre-foot 

Ratio 


Sodium 

salts 

Very 

soluble 

salts^ 

Total 

! 

Sodium 

salts 

Very 

soluble 

salts 

Total 

Ca/Na 

as 

equiv. 

Colorado at Yuma, Ari- 
zona* . . . « 

Gila at Florence Canal, 

292 

425 

795 

0*40 

0*58 

1*08 

112 

Arizona* . 

664 

772 

1023 

0*90 

1*05 

1*39 

0*37 

Pecos at Barstow, Texas* 
White Nile at Khar- 

3080 

4110 

6200 

4*20 

5*60 

8*45 

0*57 

toum* 

Murray at Cohuna, 

71 

90 

174 

010 

012 

0*23 

0*64 

Virtoria* . 

28 

40 

96 

0*04 

0*05 

012 

2*3 

Indus at Sukkur* . 

12 

99 

300 

0*02 

014 

0*41 

16*0 


The salt content of irrigation water depends on its source. Mountain- 
fed rivers usually have low salt contents, rivers that have traversed 
desert countries usually have a moderate salt content, and springs and 
ground- water in the desert a high salt content. Table 137 gives the salt 
contents of some representative rivers actually used for irrigation, where 
the salts are divided up into sodium salts, very soluble salts, which, in 
addition, include magnesium salts as well as any calcium chloride, and 
total salts, which in addition include calcium sulphate and bicarbonate, 
and the table gives both the salt content of the water in parts per 
million, or milligrams per litre, and in tons per acre-foot. Since 3 to 
4 acre-feet of water may be evaporated or transpired a year, this often 
involves leaving from J to 4 tons of very soluble salts and sometimes 
much more behind in the root zone of the crop. 

^ Excludes calcium sulphate and bicarbonate. 

* Quoted by O. C. Magistad and J. E. Christiansen, US* Dept, Agrw,y Circ, 707, 1944* 

* Quoted by F. W. Clarke, Data of Geochemhtry, 1924. For more recent analyses ol 
south-western rivers of the U.S.A., see Diagnosis and Improvement 0 / Saline atid Alkali 

*J, W. Paterstm, Victoria J, Agric,, 191 3» 298. 

* H. F. Paranjpe, Bombay Dept, Agric,^ Bull, 96, 1920. 
















CONTROL OF SALTS IN SOILS 


The problems of getting rid of these salts is obviously more difficult 
the higher the salt content of the water, the lower the rainfall, and the 
more impermeable the soil. Permeable soils with winter rainfalls of 
10 to 15 inches will lose most of the salts they accumulated in the 
summer. But flushing down salts with rather salty irrigation water in 
rather impervious soils presents many difiicullies, because this flushing 
must be done frequently, and during the process the soil is water-logged 
so that evaporation is proceeding rapidly and any crops growing on 
the land suffer from poor aeration. Further, the higher the salt content 
of the water, the greater is the proportion of the water that must be 
used for flushing, and therefore the smaller is the proportion that the 
crops can use for transpiration. Increasing salinity therefore puts down 
the efficiency, or the duty as it is often called, of the water used. This 
need of water for flushing down salts may cause great administrative 
difficulties in areas where it is not fully appreciated,^ for it means that 
often one-quarter to one-third of the water entering the area must be 
used solely for washing down the salts and not for growing a crop, and 
in consequence the maximum area that can be irrigated must be 
reduced by this fraction compared to the area thai* could be irrigated 
if no flushing was necessary. 

This problem of flushing salts down into the subsoil emphasises the 
importance of fairly rapid drainage, so the land remains water-logged 
for as short a time as possible— for, as pointed out on p. 45 i> Poor 
aeration, which is the consequence of water-logging, is more harmful 
at high than at low temperatures. But the M-atcr must also leach 
through the soil at a uniform rate all over the surface of the land, for 
othenvise salts will be leached out of some places but not out of others, 
and, as pointed out on p. 386, once an area begins to get a higher pit 
content than the surrounding soil, it tends to draw salts to it. Thus, it is 
essential the land shall be as level and as uniform as possible during 
irrigation so that the water has a chance to seep through the whole 
ai-a as uniformly as possible. It is not difficult to ensure this uniform 
leaching if the rate of entry of the irrigation water into the pil hes in 
the range 0-3 to 3-0 inches per hour, bp if it falls below o-i me 1 grea 
dilficulties arise if the irrigation waler is at all saline. 

The problems of drainage and keeping the water table low usually 
concern the engineers of the irrigation authority. s ou 
low that its capillary fringe is below the main root zone* concentrate 
do not bring up soluble salts cither into the pr ‘ desirable 
diem in the root zone. Thus, depps ... only 

all hough under some conditions of impermeabih y 

j .37' » rKX.io.tNo: 
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be able to be removed from the subsoil by tile drains, and it is barely 
practicable to lay these deeper than 6 feet. But if the ground-water 
is not too saline it is often worth pumping it into the river or irrigation 
canals, diluting it with this better water and using this mixed water 
for irrigation lower down the valley. If this pumping is practised, so 
the ground-water is kept well below the surface, drainage is usually 
sufficiently good for no other precautions to be necessary. 

It is of great importance to draw up a balance sheet of the salt and 
water movements in an irrigation area whenever possible, s6 that one 
can make an estimate of the net effect of present irrigation practice 
on the salt regime. C. S. Scofield* has done this for three! areas in 
America, and his results for two, one lying immediately b^low the 
other on the Rio Grande, are given in Table 138. In the, Mesilla 

TABLE 138 

Annual Salt and Water Balance in Two Irrigation Areas of the Rio 
Grande (New Mexico and Texas) 

Water in thousand acre feet. Salts and ions in thousand tons 


1 

Area under 
irrigation 

Mesilla Area 

About 80,000 acres 

El Paso Area 

About 120,000 acres 

Entering 

Leaving 

Per cent 
retained 

Entering 

Leaving 

Per cent 
retained 

Water 

774*4 

496-1 

33*3 

496-1 

173*2 

65- i 

Concentration 
of «saits in 
water, tons 
per acre foot 
Total Saits 

t 

0-805 

599-4 

1-226 
608- i 

-1*5 

1-226 

608-1 

2-666 

461*8 

24-1 

Ca 

80*6 

69-7 

14-5 

69-7 

41*3 

40-7 

Mg 

17-6 

15*5 

11*9 

15-5 

10*2 

33*9 

Na+K 

102*0 

122-6 

-20*3 

122-6 

111*7 

9*0 

HC03,C08» 

93-9 

80-5 

14*3 

80*5 

28*2 

64*9 

SO, 

233*4 

208-0 

10*9 

208*0 

108*7 

47*7 

Cl 

71*3 

iill 

-55*8 

iili 

161*4 

-45*3 

NO, 

1*4 

1*5 

-3-0 

1*5 

0*5 

34*8 


area, which lies above El Paso, the salts are in balance — the same 
weight is leaving the area as is being introduced — whilst in the El Paso 
area, which uses the water leaving the Mesilla area, salts are accumu- 
lating at the rate of about 150,000 tons per year, of which about 
100,000 tons are calcium and magnesium carbonates and calcium 
sulphate, and 50,000 tons, or about 0*4 ton per irrigated acre arc 
readily soluble salts. 

* J. Agric. Her., 1940, 6z, 17. 


* Computed as carbonate. 
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The table also shows the important point that the composition of 
the salts leaving the area differs from that of those entering for the 
water leaving is relatively richer in sodium and chloride and poorer 
in calcium and suliihate than that entering. In the next section it will 
be shown that the higher the ratio of sodium to calcium the less desirable 
is the water for irrigation; hence the greater the proportion of the water 
that has been derived as drainage water from schemes higher up the 
river, the more care may have to be taken with it because of its sodium 
content. In the actual areas given in the table both are losing chlorides, 
but the El Paso area is gaining sodium derived from the Mesilla area’ 
and both are gaining calcium, and to a less extent magnesium, from the 
soils and rocks higher up the river. 

The farmer possesses various methods for controlling the distribution 
of salts in the field. Even if he cannot get rid of them all, he can reduce 
their concentration in the surface by giving a heavy irrigation, and 
this is usually necessary in saline soils before seed is sown, for young 
plants are injured more easily than established ones by salts. Again, 
if a young plant is very sensitive to salts, or the salt content of the soil 
is high, sowing the crop at the beginning of wiiltcr, or of the cool 
season, when transpiration and evaporation are at their lowest for the 
area, gives the crop a chance of establishing itself in a soil of relatively 
low salinity. There is another method available for crops grown on 
ridges, which depends on concentrating the salts in certain parts of 
the ridge, leaving other parts less saline. If the land is thrown up 
into ridges and water runs between them, the salts can be concentrated 
on the lop of the ridges, leaving the furrows and the sides of the ridge 
just above the water-line at each irrigation lower in salts. W. T. 
McGeorge and M. F. Wharton^ have developed this method in the 
Salt River Valley of Arizona for lettuces, which are planted on the 
sides of the ridges just above the water-line. The salts accumulate as a 
white band above them, and even down to 1 2 to 24 inches below the 
surface the salts are lower under the furrow than under the area where 
the salts accumulate. 

Thus, in summary, salts in the surface soil are controlled by flushing 
them down into the subsoil. Provided the soil is reasonably permeable 
and well levelled, no great trouble arises, but the more salty the water, 
the greater the proportion of the water is needed for salt control and 
the smaller the proportion that can be used for transpiration, also the 
more frequently must the field be irrigated. Trying to economise water 
under these conditions, by giving small irrigations that only wet the 
top 2 to 3 feet of soil, are bound to lead to increased salt concentrations 
th*e soil surface. It is one of the most difficult problems facing 
^ Arizona Agrk, Sta,, BulL 152, 1936. 



6 i2 management of irrigated saline and alkali soils 

agricultural advisers to work out methods for making the optimum 
use of a limited amount of rather saline irrigation water in arid districts 
within the social framework of the district. 

The Control of Alkalinity 

For an irrigation scheme to be permanent, not only must the total 
salt content of the soil be kept below a certain figure, but the proportion 
of exchangeable sodium in particular, and possibly also of exthangeable 
magnesium, in the exchange complex must be kept below certain 
limits. If more than 12 to 15 per cent of the exchangeable ions are 
sodium, difficulties may be experienced in keeping the soil pi^rmeable, 
and if more than 40 to 50 per cent are sodium, not only n^ay these 
difficulties become very great, but the plant may no longer be able to 
take up sufficient calcium for its needs. ^ Soils containing a high pro- 
portion of exchangeable magnesium ions also have their permeabilities 
reduced and plants growing on them their calcium contents, ^ but to a 
considerably less extent than would be caused by a corresponding 
proportion of exchamgeable sodium ions. 

The principal cause of the proportion of exchangeable sodium ions 
increasing in the soil during irrigation is through base exchange 
between the sodium ions in the downward-percolating soil water and 
the exchangeable calcium and magnesium ions. Now calcium ions arc 
held more tightly than sodium, and in dilute solutions it appears that 
very little exchange of sodium for calcium takes place in normal soils 
if the splution contains equal equivalent concentration of sodium to 
calcium, and little occurs if the sodium ions are twice, and under some 
conditions even three times as concentrated as the calcium.^ But since 
the calcium ions are divalent and the sodium monavalent, at constant 
ratio of sodium to calcium ions in the percolating solution, the higher 
the actual concentration of sodium ions, the greater is their entry into 
the exchange complex, as explained on p. 1 15. Hence, higher sodium 
to calcium ratios can be tolerated in irrigation waters of low than of 
high salinities. This can be seen from Fig. 51,^ which shows on the 
right-hand curve tlie concentratioA and composition of salts in the 
percolating water that cause sodium ions to constitute 15 per cent ol 
the exchangeable ions, and on the left-hand curve to constitute yi 
cent. Since soils containing over 1 5 per cent of exchangeable sodium 

^ E. I. Ratner, Soil Sci*t 1935, 40, 459; J. S. jofle and M. Zimmerman, Proc* Soil Scu 
Soc, Amer., 1945, 9, 51. 

* N. V. Orlovsky and A. M. Kupstova, Pedology^ *939» No, 9, 73. . , 

* W. P. Kelley et Soil Sci., 1940, 49, 95; W. P. Kelley, Cation Exchange in Soilsy 

York, 1948; N, G. Cassidy, Queensland J. Agric, Sci,, 1944, i, 140. * r 

* Taken from H. Greene, Using Salty Landl F.A.O. Agricultural Studies No. 3, 1948. 
sets of curves are given in Diagnosis and Improiement qf Saline and Alkali Soils, 
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usually have their properties very adversely affected by the sodium, 
waters lying to the right of the right-hand curve are unsuitable for 
irrigation, whilst if the exchangeable sodium constitutes less than 7^ per 
cent of the exchangpble ions it has little effect on the soil properties, so 
that waters lying to’ the left of the left-hand curve arc quite safe to use. 



Sod/um as per cent of Total Bases 
(in equivalents) 


Fjo. 51. The relation between the sodium content of water, its total concentration of salts 
and its .suitability for irrigation. 

Unfortunately the effective concentration of salts in the water is not 
that in the irrigation water itself, but that in the soil solution just before 
irrigation, for this is what leaches down on irrigation, and though this 
v;ill be similar to the irrigation water on very permeable soils it may be 
up to ten times more concentrated in impermeable. Hence, the greater 
the impermeability of the soil, the lower must be the sodium content of 
the water for a given proportion of exchangeable sodium ions in the soil, 
^nd the more important it is that the proportion should remain low so 
Ae permeability, already poor, shall not be wwsened. 

Under present-day conditions when there is great pressure or 
increasing the acreage of land under irrigation, water must 
nsed that in time will cause the exchangeable sodium content ot the 
soil to increase beyond the danger-point, if no pr^autions arc ta en o 
Preveftt it. Thus, water that is rather unsuitable for imgaUon can sUU 
used as long as the costs of keeping the exchangeable sodium down 
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below a certain safe level are not too high. This involves, among other 
things, using the minimum possible amount of water for irrigation, to 
avoid unnecessary replacement of exchangeable calcium by sodium, 
though enough water must be used to wash down into the deep subsoil 
the seilts that have accumulated in the root zone. 

Exchangeable sodium can be replaced by calcium under field 
conditions either by adding a soluble calcium salt, such as gypsum, 
or a soluble acid such as sulphuric. Calcium carbonate is only useful 
if the p\l is not too high, for whereas about 30 milli-equivalents of 
calcium as sulphate w'ill dissolve in a litre of water, only about 1 milli- 
equivalent of calcium as bicarbonate or carbonate will qissolve at 
8-6, though over 5 will dissolve at /»H 7. Soils well supjplied with 
gypsum can be irrigated with water that has too high a sodiutp content 
to be suitable for a gypsum-free soil. 

Acids as such are not usually added to the soil, but powdered sulphur, 
which is rapidly oxidised in most arid soils to sulphuric acid, has been 
much used. Aluminium and iron sulphates have also been used, as 
both of these hydrolyse, leaving the hydroxide behind as a precipitate 
and liberating sulphuric acid. To obtain an idea of the amounts of 
these improvers needed, 1 ton per acre of sulphur will replace about 
3 milli-equivalents of sodium per 100 gm. of soil from i foot of soil; 
and 5-4 tons of gypsum (CaSO^.aHoO), 6 9 tons of aluminium 
sulphate (Al2(S04)3. iSHgO), or 3-1 tons of calcium carbonate are 
equivalent to i ton of sulphur. 

Routine methods of controlling alkali may thus involve the regular 
addition of an acidifying agent, in contrast to many humid soils which 
need the regular addition of calcium carbonate to counteract the nonnal 
increase of acidity due to leaching. If the soil is low in gypsum but 
well supplied with calcium carbonate it is always possible, in theory 
at least, to control the increase in exchangeable sodium, due to an 
unfavourable ratio of sodium to calcium in the irrigation water, by 
including in the rotation crops such as lucerne and some grasses that 
maintain a fairly high carbon dioxide content in the soil, since the 
solubility of the calcium in the carbonate increases rapidly with 
increasing carbon dioxide content* Farmyard manure and composts, 
and probably composts containing sulphur, may also be useful, as they 
release carbon dioxide when mixed with the soil, but how far this is 
the main cause of their beneficial action on irrigated land, and how 
far it is due to them maintaining the permeability of the surface soil 
is not known. 

In many irrigation schemes there are areas of land that have been 
rendered infertile by alkalinity and which can be reclaimed 
brought back to cultivation. The principles underlying the rcclamatio” 
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of such areas are: firstly, to ensure that their drainage is adequate and 
that saline water is not seeping into them from higher ground; and 
secondly, to replace some of the exchangeable sodium by calcium.^ If 
the soil contains gypsum, draining the land and flooding it with water 
is probably all that is required, although if the soil is heavy, it may 
initially be sufficiently impermeable for the cropping to have to be 
chosen very carefully. But if the soil is low in gypsum, the primary 
trouble, which is either present, or which will develop unless precautions 
are taken, is the impermeability of the surface soil to water, and one 
great danger in reclamation that must be guarded against is increasing 
the impermeability of the soil during the reclamation. Soils containing 
much exchangeable sodium, or free sodium carbonate, will deflocculate 
and become quite impermeable to water if wetted with pure water, or 
w'ith rain, whereas if they contain much soluble salts, or the irrigation 
water has a high salinity, they may remain flocculated and permeable. 
Hence, the second great principle in reclaiming alkali soils is to main- 
tain a fairly high salt content in the soil during the process of leaching 
out the exchangeable sodium. Provided the soil remains permeable, 
drainage, adding gypsum or sulphur, and flushing down the salts will 
remove exchangeable sodium without difficulty. 

Many disused alkali soils are, however, almost impermeable to begin 
with, and the improvement in permeability is the primary problem.® 
Typically this is done by replacing the exchangeable sodium in the 
surface layer and so stabilising it, and then deepening this stabilised 
layer. Adding gypsum to the surface soil, or on some lighter soils 
working in farmyard manure or compost, and then letting it wet and 
dry a few times will be enough to give a few inches of stable permeable 
soil. The soil may then be flooded, provided an adequate drainage 
system has been installed, to allow the gypsum to wash down slowly 
into the subsoil, improving the permeability of every layer into which 
it penetrates, for rarely does a drained soil have a permeability of 
less than a few inches of water a month.® Fig. 52, taken from some 
experiments of H. Greene on an impermeable Gezirah clay, in which 
sodium constitutes 10 per cent of the e.xchangeable ions, shows this 
efl’ect of gypsum of increasing the* permeability of the subsoil.^ The 


’ J'or illustrations of successful methods of reclainalion. see W . P- Kelley, J. 

') 34 - 24. 72; Hilgmdia, 1934, 8, 149; Calif. .Igric. ExI'l. Sia., Bull. 619, >937 ; 

alley, CaUfomia); Tht Diagnosis and Improitment of Saline and Alkaline 

>'d J. L. Bolton .Sex. AgHc 1047, 27, 193 (Val Marie, Saskatchewan); R. Aladzem, Bull. 
Agric. Egypte, 1947, 45, 37:V. S. Snyder el a!.. Idaho Agrie. Expt. Sia., Bull. 233, 1940. 

K. r. “■ 
'Sf.-.- E.a. « =43. .94.) •>- 'I.. 
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land was flooded in April, and shordy afterwards soil samples were 
taken for moisture content. The soil was left fallow and then flooded 
again in December and soil samples again taken. Without gypsum 
the water remained near the surface: with increasing dressings of 
gypsum it penetrated deeper and deeper into the s6il. The drying out 
affected the first 5 feet equally whatever the gypsum treatment, but 
it did not equally affect the lower depths: the stores of water let down 
by the heavier dressings remained. The permeability of ^e soil can 



Fig, 52. Effect of gypsum on the permeability of soil. Percentage of moisture at different 
deptlis of unflooded soil (left-hand line) and of four flooded soils (right-hand lines) treated 
with different quantities of gypsum (tons per acre). 


some gypsum is ploughed in at the same time or if gypsum is present in 
the subsoil. This is probably most efficacious if the subsoil has a com- 
pacted layer, for deep plougliing can bring this layer up to the surface, 
break it up to some extent, and expose it to the weather so its structure 
can be mellowed by drying and wQtting in the hot season. 

The second operation is to establish a crop on the land, cither sown 
or of natural weeds, for the plant roots will continue the task of 
increasing the permeability of the subsoil, both by abstracting water 
from it, so causing cracks to develop which will let water down quickly, 
and also by respiring carbon dioxide there which will reduce the 
alkalinity somewhat. The choice of crop is, however, limited, for 

A. Kovda, IChtm, Sotsial, 1941 » No. 4, 31; I. N. Aniipov-Karatacv and 

A. A. Zaitzev, Dokuchaev Inst, Soils, 1946, No. 14. 
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must be able to withstand the prolonged water-logging necessary for 
washing down as much sodium as possible into the deeper subsoil. 
Rice is an ideal crop, if other conditions are suitable, as it is kept water- 
logged throughout much of the season. Sweet clover and strawberry 
clovers are also suitable, so are many grasses and under some conditions 
so is lucerne, though lucerne will not stand water-logging so well as 
the others. Once these crops are established, they are encouraged to 
root deeply by being given heavy irrigations at as long intervals as 
possible, so the roots take as much water as they can from the subsoil 
before the next irrigation, though they must not be allowed to dry the 
soil so much that the soil solution becomes sufficiently concentrated to 
harm the roots. The first crop to be taken is often ploughed in as green 
manure, as the plant may contain too much salt for high feeding 
quality, and the green manure will not only produce carbon dioxide in 
the soil during its decomposition, but will also slowly set free plant 
nutrients such as phosphate, iron, manganese and zinc, which are very 
unavailable in alkaline soils. 

Impermeable alkali soils can, therefore, be reclaimed and brought 
back into cultivation, though at the cost of much water, provided a 
water supply of good enough quality is available, for it must have a 
fairly low salt content because initially much of the water will have 
to evaporate from the soil surface, and the salt content must not build 
up enough to harm the crop. 

A good crop rotation is an excellent insurance against alkali trouble, 
for grass, clover and lucerne leys can all build up the structure of a 
soil and improve its stability, and if these leys are consumed on the 
farm by dairy cattle, they will be returned to the land as farmyard 
manure, which again has a valuable action in maintaining the 
permeability of the surface soil. 


Reclamation of Soils Damaged by Sea-water 

Some interesting observations on the formation of a sodium clay by 
flooding with sea-water were made by T. S, Dymond in 1 897-9- The 
first effect of the flooding was to kilhthe vegetation by direct action of 
the salt. But when the flood subsided and the rain-water began to 
Wash away the salt, an interesting sequence of events was observed. 
The soil was at first “in remarkably good condition, ploughing well 
and forming a capital seed-bed”. But with further removal of the salt 
“this condition gradually altered until the soil became difficult to work 
and in dry weather hard and cindery”. The clay became more 

Dymond and F. Hughes, Report on ^ 

i)’ Inundation of Sea Water an 2$th Maveniber, x^7, Chebnstord, 1099. 
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deflocculated, and would remain suspended for weeks in water while 
that from the unflooded land settled in a few hours, ^ 

Dymond proved that the effect of the salt was to displace calcium 
and magnesium from the clay, and he argued that sodium had taken 
their place. He attributed the initial favourable physical conditions to 
the flocculation brought about by the small quantity of salt still left; 
when this was gone the clay became highly deflocculated. 

TABLE 139 | 

Influence of the Proportion of Divalent to Monovalent Ba^s on the 
Physical Conditions of Some Dutch Soils \ 


too parts of replaceable bases contain: 


Physical state 

Ca 

Mg 

Sum of 
divalent 

B 

Na 

Sum of 
monovalent 

Good, normal clay 

790 

130 

920 

20 

60 

80 

Fairly good . 

65-8 

17-6 

83-4 

40 

12*6 

166 

Bad ... . 

• 

42- 1 

250 

67- 1 

6-5 

26-4 

32-9 


The Dutch have had much experience in the last thirty years in 
reclaiming land from the sea, and their observations are in full accord 
with Dymond's. The soil starts veiy wet and sticky, but after a drainage 
system has been installed and some of the salt has been washed out, 
the surface soil acquires an excellent tilth. At this stage crops such as 
barley and mangolds will grow and yield well, and, in fact, the soil may 
have a high content of nitrate. It is in the following years, when tine 
rain has removed still more salt so the clay becomes deflocculated, that 
troubles arise. The soils, however, usually contain enough calcium 
carbonate for calcium slowly to replace sodium. Once this has starlcch 
the soils can again be cultivated with care, though initially all 
cultivations must be very shallow so that the poor structural soil remains 
below. ^ 

Table 139, taken from some of Hissink’s work, shows how the propor- 
tion of exchangeable bases in the,5oil alters, starting olT with the ch^y 

^An interesting example occurred later at E. Halton, in North Lines. The land 
formerly very productive, Iwjing especially suited for wheat and beans; it was flocked b> 
the sea in 1921 and became infertile. It has not since been flooded, but it remains vro 
sticky when wet and hard as concrete when dry, so that cultivation is impossible; even wiU 
plants make but little growth (H. J. Page and W, Williams, J. Agric. Sci., X9'i6, 16. iV)* ^ 
In 1931 it still showed signs of deterioration, but the wild white clover sown in the 
mixtures had done well. It appeared, however, that the under-drains were choked 
deflocculated particles. 

* For a detailed account of this work, see D. J. His.sink, Rapporten met betrekkw:Z 
bodemgesteldheid van de Wieringermeer en van den Andijker Proef polder y 1929, No. i, 81 ^ 

Repts,y 1931, 512; and several papers in Trans, 6 th Comm. Int, Soc, Soil Sci,, Gronmg^ ? 
1932, A, and 1933, B. 
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in very bad structure just after the salts have been washed out and 
fi nishing with the clay in good normal structure. 

The Dutch, however, hastened this process when they set out to 
reclaim the land inundated with sea-water during 1944-5. Instead of 
waiting for the calcium carbonate to effect a replacement of the ex- 
changeable sodium with calcium, which is slow because the sodium 
bicarbonate produced is alkaline and hence tends to keep the soil 
deflocculated, they added gypsum before the salt had been sufficiently 
washed out for the permcaliility of the soil to have been affected. This 
is much more soluble than the carbonate, and the sodium washes out 
as the neutral sulphate, hence has no tendency to reduce the permeability 
of the soil. By tliis means the soil can be kept permeable and cropped 
during the whole process of the replacement of sodium by calcium. The 
dressing of gypsum needed depends on the clay content of the soil, but 
it varies from i to 5 tons per acre. 



CHAPTER XXXV „ 


THE GENERAL PRINCIPLES OF SOIL 
MANAGEMENT 

I 

A GOOD SYSTEM of agriculture is required to produce as much food, 
either human or farm stock, as possible from the land at a^reasonable 
cost without impairing its fertility. A farmer should alwJ^ys aim to 
leave the land in at least as productive a condition as when hfe acquired 
it. A good system of management must therefore ensure'' that the 
nutrient status of the soil is maintained; that all factors directly harmful 
to plant growth, such as high acidity, high alkalinity, or poor drainage 
are absent; that the land only grows the crops desired and not un- 
wanted ones, that is, that weeds are kept under control; and that the 
soil particles themselves remain in place and are neither washed nor 
blown away. 

The nutrient status of the soil is now very largely under the direct 
control of the farmer. If high-priced cash crops are being grown he 
can, if need be, buy all the plant food needed by the crop. But he 
should also aim at returning to the land all crop and animal residues 
that he can so as to minimise the loss of nutrients. Some soils, such as 
many semi-arid and desert, are naturally well provided with plant 
food; others, such as some tropical soils being derived from young, basic 
igneous rocks, arc having their supplies of plant nutrients supplied by 
the weathering of the rock particles in the soil fast enough to meet 
the demands of the crops. Still others need to have nutrients added if 
they are to maintain good yields, and of these nutrients nitrogen and 
phosphate compounds are far the most important — nitrogen compounds 
wherever the water supply is sufficient to keep the plant growing all 
through its season, and phosphates in most parts of the world. I'hwe 
nutrients do not necessarily hav^ to be added as fertilisers, 'llie 
available nitrogen compounds in the soil can be greatly increased 
either by growing leguminous crops which contain nodules capable ol 
fixing large quantities of atmospheric nitrogen, or by growing crops 
which return much nitrogen-poor organic matter to the soils under 
conditions in which decomposition can proceed rapidly and in which 
free-living nitrogen-fixing bacteria can flourish. The supply of oth®*' 
nutrients can also sometimes be increased by selecting crops, wliicn 
have a considerable power of extracting the nutrients in short supply 
from the soil minerals, or which have a particularly deep root sysicW) 
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and which can, therefore, concentrate the available soil supplies. In 
all these cases, however, if the crop is not ploughed in, it should be 
fed to animals and their dung and urine put back on the land in a way 
that gives the smallest possible losses. 

The prevention of harmful factors, such as acidity and alkalinity, 
have already been dealt with, and both require that the calcium status 
of the soil shall remain satisfactory. Good drainage is also essential to 
allow the crops to root deeply, hence be able to withstand drought 
and possibly frost as well, and to prevent the accumulation of harmful 
substances produced biologically whenever the oxygen tension in the 
soil falls too low. The soil must also be kept permeable, so water can 
drain through it at a reasonable rate, and the carbon dioxide content of 
the air around the roots not rise too high, nor the oxygen content fall 
too low. To some extent these factors can be controlled by proper 
cultivations, a subject that will be discussed in a later section. 

The Principles Underlying the Control of Soil Erosion 

Soil particles can move by three processes: they may be blown away, 
they may be washed away, or the whole soil may slide or slump down 
a hill-side. Soil erosion can cause great troubles over large areas: dust 
storms, once started, may travel great distances; and conditions con- 
ducive to water erosion can lead to extensive flooding of valleys after 
storms, to silting-up of rivers, valleys and reservoirs, and to the great 
impoverishment of the land above the valley floor. Soil erosion is nearly 
always caused by an unsuitable method of agriculture being praptised, 
and since among primitive peoples the system of agriculture affects 
their whole system life, methods of control involve not merely devising a 
system of agriculture which is better suited to the area and more 
oroductive, which is relatively easy, but also of altering the whole 
;ocial outlook and sometimes even some of the religious beliefs or 
practices of the community, which is always an extremely difficult 
problem in sociology. 

'VIN’D EROSION AND SOIL DRIFTING 

High winds can blow much material out of some bare soils, so that 
the wind itself becomes a dust storm, and soil material drifts across 
ll'c land, forming dunes, filling up hollows and drifting against farm 
buildings and hedges. The physics of this action is now fairly 
"'ril understood, as the principles have been clearly stated by R. . 
®ugnold» and fiUed in in considerable detail for the particular case 

ult of his work, see Ws book Tk Physics of Blown Sand and Desert Dunes, 



622 THE GENERAL PRINCIPLES OF SOIL MANAGEMENT 

of soils by W, S. Chepil and R. A. Milne^ at Swift Current, 
Saskatchewan. 

Winds move soil and sand particles by three distinct processes: the 
finer particles are carried in suspension and may be transported as fine 
dust over very great distances; the coarser particles are rolled along 
the surface of the soil; and the medium-sized particles move by saltation. 
Bagnold has shown that saltation is, in fact, the primary process 
responsible for soil movement. The process of saltation is as follows. 
A strong eddy of wind at the soil surface picks up a sand grain and 
carries it up a few centimetres in the air where the wind nas a much 
stronger horizontal component than at the soil surface itself.^ This wind 
then gives the sand grain a horizontal acceleration, and 2$ the eddy 
which picked it up becomes dissipated, the sand grain falls back to the 
ground after having acquired considerable momentum. On impact it 
may cause some other sand grains to be shot a little way up in the air, 
and these in turn acquire momentum from the wind, and on hitting 
the ground may throw up other grains. Thus, the dust storm is due to 
this stream of sand particles which throw up others as they hit the 
ground. Soil movement by saltation thus requires a source of sane’ 
grains of a suitable size and a clear length of run for the wind to buik 
up a sufficient density of sand grains moving in this way. 

The size of particles taking part in saltation movement usually lie: 
between 0-5 and 0-05 mm., with the grains in the size 01 to 0*2 mm 
particularly active; and they need not be sand grains, but can equalh 
well be soil aggregates or granules. Typically, the bulk of the grain' 
do nOst rise more than an inch or so above soil-level, but a few rise k 
3 to 6 feet; they rise steeply to their maximum height and then conic 
down at an angle of between 10° and 16° with the horizontal. Typical 
paths for these grains are shown in Fig. 53, taken from R. A. Bagnold’s 
Blown Sand and Desert Dunes, Grains smaller than about o- 1 to 0'05 mm., 
depending rather on the wind speed, do not take part in saltation, as 
they are sufficiently fine to be carried as dust in the turbulent motion 
of the wind, whilst grains larger than about 0*5 mm. are too heavy to 
be bounced into the air. Saltation thus brings the finer particles into 
the air and by bombarding the diarser particles rolls them along the 
surface of the soil. 

The effects of soil blowing in the field are as follows. Soils containing 
a high proportion, that is, over 60 per cent of unaggregated sand 
grains and individual granules in the size range o*i to 0*5 mm., are ve^ 
liable to blow, whilst those with less than 40 per cent do not usually 
blow easily. Such blowing soils arc either fine sands, calcareous 

* Set. Agric., J939, 19 , a49j 1941, ai, 479; 1949, 93, 154: SeU Set., 1941, 5a, 417: 

305. 397 . 475; 1946, 6x, 167, 857, 33 >- 
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clays (for the calcium carbonate tends to give soil granules of this 
size) or fen soils containing well-rotted humus. The wind needs a run 
of from 50 to 500 yards to build up a large body of moving soil grains. 
At the windward end of the area the particles coarser than 0-5 mm. tend 
to accumulate; the sand dunes and drifts, which move mainly by 
saltation, are enriched in particles between 0*5 and o*i mm., and 
particles finer than o-i mm. are blown out of the area. The coarser 
of these particles, in the range 0*07 to 0 01 mm., are deposited on the 
outer fringes of the area as a loess. ^ Hence, the residual soils tend to 
become more sandy by this process. As one travels with the wind the 
grains fill up all hollows, and if there are no obstructions leave an 




Grain Paths over Loose Sand Surface 
Q 5 10 Cm. 


Fig. upher: Typical paths of sand grains moving by saltation. 
loi^r: Paths of sand grains moving over a kx)sc soil surface. 

almost level surface having shallow ripples across it. This smooA 
sin face becomes resistant to furthej erosion as soon as t e ^ 
incoming sand grains ceases. These effects are shown up mos c a 
in fine, sandy soils having few granules. , 

The cffecB are rather different for granulated c!.,,, to”' 
movement of different-sized granules does not neccssan y ^ 
difl'crcntial movement of the actual mineral soi paruc 
granules have not the abrasive action of sand 8™”®’ ® ^ 
produce less dust to be blown out of the area, thoig Y 
as badly. 

‘F. E. Zeuner, Tk Ptdslocm Paiod, Ray Soc. London, i945' 
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The primary areas suffering from dust storms arc on the edges of 
the desert, for blowing is only possible with dry soils. The desert and 
the fringes of the desert give this dryness and are also regions liable to 
strong winds. Because of the dryness, it is often difficult to keep 
vegetation growing on the soil during periods of droughts, so the soil 
is liable to have many bare patches, and it is in the bare patches that 
centres of blowing start. The primary problems of erosion control are 
only concerned with bare or partially bare soil, for soil wel^ covered 
with vegetation never blows. Further, the type of agriculture practised 
in these semi-arid regions is either wheat growing with the necessary 
fallows for storing water, or ranching. In the former type \ there is 
always some land not in crop, and in a series of dry years moit of the 
land will carry no crop. This is what happened in the wheat belt, or 
dust bowl, of America during the run of drought years in the mid- 
1930s. In the ranching type, a spell of dry years almost of necessity 
involves serious over-grazing of the range, and may again result in 
large areas being left almost bare. 

The principle of all methods for controlling wind-blowing is to 
prevent saltation building up a sufficiently high density of moving 
sand grains. This can be done either by trapping the moving grains 
before they have become dense, or by reducing the velocity of the 
wind over the surface sufficiently to prevent it being able to pick up 
sand grains, or by covering the soil wdth a non-erodible surface so that 
most of the sand grains moving by saltation lose their momentum to 
this surface rather than to other sand grains in the saltation range. 

Methods have been devised for reducing the liability of cultivated 
soils in the dry farming regions from blowing. ^ In the first place, no 
continuous large area of land is left fallow, but the fallow alternates 
as strips with the sown, the strips running across the direction of the 
prevalent high winds. An example of this from Alberta is illustrated in 
Plate XXXIL Fallow strips 100 to 200 yards wide, alternating with 
sown strips of the same width, normally blow very little, unless the soil 
is very erosive, for the wind cannot produce enough sand particles 
moving by saltation either to raise much dust or to cause much drifting 
before they arc caught by the crop. However, this method by itself is 
only of limited value with soils very liable to blow, and at times of the 
year before the sown crop has germinated or grown large enough to 
prevent saltation. A modification of this method can be used in areas 
of adequate rainfall to protect areas of land liable to blow before the 
sown crop has grown enough to give protection. Comparatively 

^ For accounts of these methods, see E. S. Hopkins et al., Canada Dept 
568, 4th revision, 1946; A. E. Palmer, Emp, J, ExpU Agrk,, 1945, 13, 125; 

Agrk., Fmmrs^ BulL 1771, 1937; 1833, 1939; 1864, 1941. 
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narrow strips of permanent grass, if the herbage is i to 2 feet high will 
stop saltation by entrapping the sand provided it is wide enough for 
the entrapped sand to be well away from its leeward side. This method, 
however, is only efficacious in areas where the rainfall is adequate to 
ensure a good crop of grass every year. In extreme cases the grass strip 
can be replaced by a narrow but thick hedge. 

“^e second method of control, which is used in conjunction with 
strip cropping, is to reduce the velocity of the wind at the soil surface 
as much as possible, and do anything else that reduces the chance of 
the wind picking up any sand grains. Winds can be moderated by 
planting shelter belts, but the climate is often too dry and other condi- 
tions unfavourable for most trees to grow quickly, 1 and the effect of 
the shelter belt is small, limited to not more than five times its height on 
the windward or twenty to thirty times its height on the leeward side.* 
This method, however, is useful in the isolated areas of eastern England 
and Sweden,® for example, where soil-blowing can be serious. 

W. S. Chepil* has given an example from Kaifeng in Honan Province, 
China, where this method is practised to stabilise a sandy soil. Single 
belts of willow, which grow to about 12 feet high, are planted in strips 
50 to 60 feet apart across the direction of the prevailing wind and in 
strips 100 to 500 feet apart at right angles to this direction, leaving only 
small rectangular strips of field for cultivation. 

Suitable cultivation methods can also reduce the chance of the 


wind picking up a sand grain. Obviously, if the soil structure can 
be made cloddy there will be no unaggregated sand particles of a 
suitable size to be picked up. Cultivating tlic soil when moist and 
never pulverising it helps, but it is not always possible to restrict 
cultivations to these times. Laying the soil down to drought-resistant 
grasses whose roots bind the soil together also improves the structure. 


Laying the soil up in ridges also reduces erosion through it preventing 
the buUd-up of particles moving by saltation.® It is also particularly 
important that any knoll or dune built out of erodible sand or soil 
particles should be very well stabilised, otherwise it w'ill serve as a good 
source for particles to begin to drift by saltation at quite low wind 
speeds. 

Another method, that has been used in parts of the Canadian 
prairies since 1915, is stubble mulch cultivation, described more fuuy 
on p. 634, in which the previous year’s stubble is left anchored m t c 

' I’or an account of slielier belts, see, for example, ISs 

J. S. Ycates, Farm Trtes aad Hedges, Masny 4’r.V. OU. (New 
‘ See, for example, J. W. Tourney, Foundations of Siltvulture, Ne , 9 > 

^ai'elL A/i//. Schweiz. Amt. Forstl. Versuchsw., 1943, *3) *-3- 
' reterssotr, LmirHSgsk. JordbrForstiksanst. Mfdd., 1947, Mo. 20. 

, iqj9, 41, 127. 

“ S. Chep'il and R. A. Milne, Sod Sci., 1941, S*- 4* 
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surface, and during the fallow period all cultivations are done below or 
on the surface in such a way that the previous year’s stubble remains 
anchored in the surface but sticking out above it, as is shown in Plate 
XXXIII. Thus, weeds can be kept in control without the soil surface 
being left bare. Typically, in the wheat-growing areas where these 
methods were first developed, the wheat is harvested with the combine, 
a long stubble is left and the straw coming from the combine is also left 
on the ground. Thus, the wind velocity at ground-level is alWays very 
low because of the resistance of the stubble and straw, and the straw and 
stubble together reduce the chance of a moving sand grain tijirowing 
up others by saltation. ChepiU found, in fact, that as little as i\ton per 
acre of straw had an appreciable effect in reducing soil drifting. Stubble 
mulch farming may introduce some difficult problems in insect control, 
particularly the wheat stem sawfly and insects of the grasshopper-locust 
type, because they may be able to over-winter on the stubble, but so 
far few troubles of this type have arisen. ^ 

All these methods used together as far as possible give good control 
of wnd-blowing in most years, but it must be borne in mind that there 
are no methods of control yet available on cultivated land during 
periods of drought extending over several years. These lands cannot 
be sown down to grass or to anything else once the drought has started, 
though if one could forecast the onset of prolonged drought a year or 
so ahead they could be grassed down and left ungrazed over the dry 
period, and this might be enough to prevent the disastrous dust storms 
of the mid- 1 930s recurring. 

EROSION BY RUNNING WATER 

Water running over the surface of the soil is a far more serious cause 
of erosion in most parts of the world than is the wind. Water only 
runs off the soil surface when the rate of rainfall exceeds the rate of 
infiltration of the water into the soil, hence every factor that reduces 
the permeability of the soil increases the likelihood of water run-ofl. 
This run-off water has two consequences of great importance: the more 
the run-off the greater is the “flash” flood in the rivers draining the 
area after storms, and the greater is the amount of silt and soil the 
water is likely to pick up and hence the more silt will be deposited by 
the river after the floods have subsided. Hence, this type of run-off 
and erosion gives very difficult problems of flood control on the one 
hand and silt control on the other. As examples of silt trouble can be 
mentioned the burying of crops under silt in the flood plains of rivers, 

• 

^ScL A^ric,, 1944, 24, 307. ^ , 

^For an example of trouble of this type, sec D. A, Wilbur e/ a/., J* Amtr, Soc* 

I942> 34» *6. 
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the rapid silting up of reservoirs, and the difficulty of keeping irrigation 
channels clear and irrigated fields level if the river supplying the 
irrigation scheme is silty. 

Run-off can have a third consequence of very great importance, for 
the rain-water, instead of sinking into the soil, runs off the land and 
hence cannot be used by the vegetation. Run-off therefore increases the 
liability of the crop to damage by drought, and this effect is particularly 
serious in semi-arid regions and in all those parts of the tropics with a 
short, or uncertain rainy season, for even in these regions the rains that 
fall tend to fall in heavy storms of short duration. 

The typical cause of serious erosion is that an unsuitable method of 
farming is being practised. Well-managed forests and pastures are 
almost immune from erosion troubles, whilst any system of agriculture 
that involves having large bare areas of soil during heavy rain storms 
are very susceptible. Thus, in many semi-arid parts of the world, 
liable to long drought and heavy storms and in which ranching is the 
natural method of land use, over-grazing in the dry season leaves the 
soil unprotected against the rain storms when they come, and hence 
very liable to serious soil erosion. * Over-grazed ranges are not only more 
liable to erosion but also may be more favourable habitats for rabbits 
and other rodents which themselves graze the range,® and hence will be 
an added cause for its decreased productivity. It is under just such con- 
ditions of limited water supply that water run-off is such a serious matter, 
because it causes the whole area to suffer unnecessary drought, and this 
IS often a much more important factor than soil loss in semi-arid areas. 

The erosive power of water, running over the surface of the soil, 
depends on its power of bringing soil into suspension and ol carrying 
the soil load so brought in. These powers increase very rapidly with 
the velocity of flow and to some extent with the thickness ol the water 
sheet.® Hence, the two fundamental principles in all methods of com- 
bating or reducing soil erosion by water are the maintenance of the 
permeability of the soil, to reduce the amount of run-off as much ^ 
possible, and ensuring that what run-off occurs takes place as t in 
sheets of slowly moving water. This latter point is diflicu t to ac lev^ 
for water running off a slope alwisys tends to form runne s, in w ic 
the flowing water is concentrated and hence its o 

increased; and these runnels collect as last flowing oo s re 

'tor examples, sec H. Glover, Erosion hi the in Australia 

■''Oil Erosion in New Zealand, Wellington, 1944 ! J- 


J^ealand^ Sydney, 194^. 


Tech. Bull. 86, 1940; 


^ I'or some experiments showing t 
ExpL Sta., Tech, BulL 78, 1944 
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which may soon begin to cut deep gullies. Hence, the need to keep 
the length of run of the water over the bare soil down to a reasonable 
length, for the longer the run the more the chance of runnelling. Thus, 
at Zanesville, Ohio, the amount of soil washed off runs of 36, 76 and 
145 feet of soil continuously under maize having a 12® slope were 
83, 99 and 1 1 7 tons per acre per year, yet the actual amount of water 
running off these three areas was the same.^ 

The effect of erosion on the particle size distribution of th^ soil left 
behind and the soil carried away depends on the velocity of me water 
running off the land. High velocities of run-off carry away all the soil 
particles, even stones, but at moderate velocities, when erosion is not 
very serious, the silt and clay particles tend to be removed and t^ sand 
particles to remain behind. Hence, land suffering from moderate Erosion 
tends to become sandier, and the deposits left behind by the run-ofl' 
water in the valleys more silty than the original soil.® 

Various methods are employed to slow up the water and keep it 
flowing in as uniform a sheet as possible over the soil, of which strip 
cropping on the contour and the use of terraces are typical. In strip 
cropping, strips of land well covered with vegetation and hence resistant 
to erosion alternate with strips less well covered and hence more 
susceptible, whilst the terraces are banks of soil, often up to 18 inches 
high, running either on the contour or having a gentle fall, which 
intercept the water running off the land above them. The water either 
ponds up behind them if they are run on the contour, or runs ofl 
into well-protected waterways if they have a gentle fall. Hence, the 
base of the terrace must be able to withstand a stream of water running 
along it* so it is often necessary to grow a close-spaced crop, or a grass 
ley in it for this reason. Terraces can also be much lower structures, 
even only an upturned furrow, if they are run at frequent intervals on 
the contour across a grazing range. This slows up the water at regular 
intervals, and if the top of these small terraces are on the level, water 
cannot collect in streams, but spreads out uniformly each time it 
reaches one. The design of terrace systems and the proper width of 
close-cropping crops with wide-spaced ones in strip cropping are 
problems that lie outside the scope of this book.* 

The maintenance of soil permeability can be extremely difficult, 
because the main cause of erosion is heavy rain storms. Thus, at Tyler, 

' US. Dept. Agric.f Tech. Bull. 888, 1945. 

* For some examples of this, sec L. A, Forrest and J. F, hvitz, Proe. Soil Sci. Soc. Aumr-t 
’^945, 9, X 7* 

• For detailed experimental results on different types of soils for different crops on 
practical recommendations must be based, sec the reports of the American Soil 
Research Stations, U.S. Dept. Agric., Tech. Bulls. 837, 1945; 859, 860, 873, 

*9451 9*^5 ^ 94^5 959 » * 94 ^; aod fc»r details cd* the methods advised, H* H* Bennett; 
Commation^ New York, 1939. 
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Texas, land under cotton lost on the average 21 tons of soil a year, 
but of this loss 12*5 tons were lost, on the average, in the two days in 
which the two heaviest storms occurred.^ There are two reasons for 
this; one is that the heavy storm puts much water on the land very 
quickly, so unless the soil is very permeable a high proportion has to 
run off; but the second reason is that heavy storms fall as large, and 
hence fast-falling raindrops, which have a high momentum and kinetic 
energy when they hit the ground. M. L. Nichols and R, B. Gray* 
have calculated that 2 inches of heavy rain in which the drops fall at 
20 miles per hour have to dissipate 6,000,000 foot-pounds of work per 
acre on hitting the ground — enough to raise the top 6 inches of soil 
3 feet in the air if it all fell at once. Hence, the impact of the raindrops 
on a soil surface is to smash up all clods on the surface, and leave it 
level.® But in the process fine sand, silt and clay granules have become 
dispersed in the water, and splash up with the water droplets, so the 
percolating water becomes muddy. Another consequence of these 
water droplets containing fine soil particles is that if the land is on a 
slope this splashing moves these particles down the slope. 

It has already been stressed that the infiltration bf water into a soil, 
and its drainage through the soil, takes place in the wider pores, 
typically those between soil clods and crumbs, and down root and 
worm holes and other such discontinuities. The effect of a hea^ raui 
on a bare soil is, therefore, to seal up the openings of these channels 
at the surface, both by soil from the disintegrated clods being knocked 
into them and by silt carried by the water settling out in them as \ht 
water percolates slowly down. Hence, shortly after the beginning of a 
heavy storm a bare soil surface will have become virtually impermeable 
to water, even though just below it there are channels runmng through 
into dry soil. The only ways the surface layer can be “ 

such conditions are to prevent the rain actually hitting the sod clod^ 
ibr it is not possible to give the soil a crumb structure strong enough 

withstand such impacts. . , bv 

The soil surface can be protected from the ™"droP “ ^ 

growing a close-growing crop on it, so the leaves of the "op take th 

Lpactfor el., by cove^g it wWI a '“T, Sl mibe 
air m«ld.. Thi again ennire. that only clean “""I 

monies in contact with the surface of soi , an . anchored 

iium reduction in the surface permea 1 pjl 4 as is done in 
n the soil, or the straw from the combine left on the son, 

•Agric. Engiig; I94l. *»> 

Uws, £»«'«•> 'M"’ ’ 

luwj., iw, see F. L. Dulcy and L. L. KcUcy, 

* For some deSls ofthe Arm., I943* 7. 77* 

^ Agm., arc. 608, 1941 Jj. C. Russel, Proc. SoU 
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Stubble mulch cultivations, help considerably to maintain the permea- 
bility of the soil surface by taking much of the impact of the falling 
raindrops. 

Ensuring that the water just after reaching the soil remains clear is, 
however, only part of the problem. It must remain as clear as possible 
as it runs over the surface, so impairing the permeability of the surface 
soil as little as possible. It is at this stage that a stable soil structure, 
obtained by proper use of farmyard manure, or grass or legume leys, 
can be so valuable. But even a good stable structure has only a limited 
effect on the clearness of the water, and close-growing crops, such as 
leys which cover the soil, or wheat drilled along the contour, W stubble 
anchored to the soil, or a surface mulch all help by slowing up the 
flow of the water, hence reducing its power to carry silt or ^il. And 
it is for this reason that close-growing crops grown on the edntour as 
strips between areas of wide-spaced crops, are such a valuable method oi 
controlling soil and water losses, provided the slope of the land is not 
too steep and no gull) ing has begun. 

The eflect of various cropping practices on the amount of water and 
soil lost from stripfs of different crops has been measured in many 
experiments in America. An example from Zanesville, Ohio, will 
illustrate these points. Plots were laid out up a 12*^ slope on a silt loam 
soil. Over a nine-year period the average annual rainfall was 38 inches, 
and half the soil losses were caused by thirty-three rains during this 
period. The plots were cropped either to continuous maize, or to a 
four-year rotation of maize-wheat-two-ycar ley, or to permanent 
pasture, and the mean annual soil and water losses were: 



Average run-off of v^ater 

Soil toss, 
tons per acre 


inches 

As per cent 
of rainfall 

Continuous maize . 

15 

■40-3 

99-3 

Crops in rotation: 

Maize .... * 

9 

23-7 

415 

Wheat 

9 

24-8 

11-4 

First-year ley . . . 

• 7 

17-7 

0-6 

Second-year ley . 

5 

12-8 

0-2 

Permanent pasture . 

1-6 

4-3 

0-02 


These results show it is easier to reduce soil loss than water run-off by 
proper choice of crops, and that the better soil structure under maize 
following the two-year ley reduces both the soil and water loss very 
considerably compared with the soil with a poorer structure under 
continuous maize. 












STRIP CROPPING AND INSECT CONTROL 5^1 

Strip cropping, like stubble mulch farming, may bring some difficult 
problems of insect control in its train, for it allows some of the plant- 
eating insects of the grasshopper-locust type to over-winter on the grass 
or cereal strips, so giving them the possibility of breeding quicker in 
the spring and so becoming a plague more easily. But the strips also 
allow the insects predaceous on these leaf-eaters to increase in numbers 
and up to the present lime the net effect of these covered strips on the 
plant-eating insects has been small. 



CHAPTER XXXVI 


PRINCIPLES OF THE METHODS OF SOIL 
CULTIVATION 

The great changes in technology that have taken place ii^ the world 
during the last few centuries originated in north-west Europe, and 
this has been very apparent until a few decades ago in the improved 
methods of soil cultivation that were being practised by men of north- 
west European stock over the whole world. But though thes^ methods 
have been very successful in temperate regions, they often liad disas- 
trous consequences in other areas. Thus, cultivations basea on the 
mouldboard plough and weed-free soils are not universally appropriate. 
Unfortunately, at the present time there is still much controversy, 
particularly among successful farmers, about the consequences and 
necessities of different practices, and the account to be given here would 
be disputed by some of them. 

There seems no question that the agriculture of north-west Europe 
has been centred on the mouldboard plough, an implement which when 
well used cuts and inverts a furrow and leaves the land completely bare 
of all vegetation. Mouldboard ploughing, therefore, buries all surface 
rubbish, and can be made to bury manure put on the surface, and in 
consequence can distribute relatively immobile fertilisers, such as 
phosphates, potash and lime, throughout the depth of ploughing; 
and it also loosens the layer of soil ploughed. The shallowest depth 
to which the surface of the soil is buried and the amount of com- 
minution or aggregation of the soil clods depends on the shape of the 
mouldboard. 

The ability of the mouldboard plough to kill weeds and prevent 
weed seeds germinating is undoubted, and under cool, humid condi- 
tions, such as the typical English late autumn to early spring, there 
appears to be no other implemenb that has anything like the ability 
to prevent weeds growing in the seed-bed; and the deeper the plough 
is set the more efficiently it prevents surface weeds from germinating 
and allows deep-rooting perennial weeds to be controlled by bringing 
up more of their root system to the surface. 

The importance of distributing manure and fertilisers through a 
greater depth of soil than can be done merely by working them into 
the first few inches of surface soil is still under investigation. Obvibusly, 
if one is reclaiming land with a very acid subsoil, one will improve the 

63a 
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drought resistance of a crop growing on it by spreading lime on the 
surface before ploughing, then ploughing as deeply as possible, and 
then spreading another dressing of lime on the surface; for this will 
neutralise the subsoil acidity more rapidly and allow the crop to 
become deeper rooting. But on soils in which roots can penetrate 
several feet Quite easily, such as most agricultural soils, the occasions 
on which it is desirable to incorporate the manures and fertilisers deeply 
have not been well established, though general experience and general 
theory indicate that it should be in moderately dry years. For, as 
pointed out on p. 449s pi^ut roots cannot extract nutrients from a dry 
soil, and tend to dry the soil from the surface downwards, hence the 
deeper the nutrients are incorporated, the longer after the onset of 
the drought will some of them remain in moist soil. It is probably for 
this reason that the practice of drilling part of the potash and phosphate, 
or in some conditions a complete fertiliser, on the bottom of an 8- to 
lo-inch deep plough furrow^ has been spreading in regions subject to 
short but severe summer droughts. 

The importance of the depth to which the soil is loosened has not 
been established yet. There are many progressivie farmers in parts 
of Great Britain who are ardent advocates of deep ploughing, and 
it is not yet known just what benefits they derive from ploughing 
15 to 18 inches deep. This deep ploughing naturally increases the 
permeability of the ploughed soil and the goodness of its aeration, and 
hence allows the soil to drain quicker provided the deeper subsoil is 
permeable or has an efficient drainage system; though if the drainage 
of the deeper subsoil is very impeded, deep ploughing merely increases 
the volume of the large pores that can become water-logged in wet 
weather, and hence helps to turn the land into a marsh. Subsoiling, 
that is, loosening the subsoil without bringing it to the surface, also 
improves permeability, and the point at issue between deep ploughing 
and subsoiling is the relative length of time that the improved permea- 
bility lasts. This improvement would be expected to be most beneficial 
on soils having a comparatively thin pan under the normal depth of 
ploughing, such as that produced by long-continued ploughing to a 
constant depth or by a tractor wheel running on the bottom of the 
furrow, and would most Kkely be seen on heavy soils. 

There is, however, a very extensive body of experience and of 
experimental results that have shown deep ploughing to have no 
beneficial effects on the crop, and that, for as far as crop yields are 
concerned, ploughing depths of 4 inches appear to be quite satisfactory, 
though this is probably only true if the land is already free from weeds. 

' for the results «f many American experiments on the value of these practices, see the 
‘^’<«tedings <if the Xatiomd Joint CommUUe of Fertiliser Application. 
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Certainly, most of the Rothamsted experiments^ have shown that 
4-inch ploughing, or indeed any method of loosening the soil to a 
4-inch depth, is all that wheat, barley and mangolds need, provided 
the land is clean, though the Rothamsted experience has been, as 
already stated, that deeper ploughing eases the! task of keeping the 
land clean very considerably. The former part of this result has also 
been found by Swedish ^ and many American^ workers. 

The great limitation of the mouldboard plough is that, by leaving 
the soil surface completely bare, it leaves it in a conditiojn very sus- 
ceptible to erosion, and if the primary objective in ijnouldboard 
ploughing is to control weeds, particularly in the sced-bfed and the 
early stages of the crop’s growth, then the problem of replacing the 
mouldboard plough is that of finding alternative method? of weed 
control. The most likely line of development is to try and iniprove the 
methods developed six or more thousand years ago in the Middle East 
and Eg)^pt, based on a plough that merely loosens the land without 
turning a furrow — a plough that is very like a cultivator tine. Such a 
plough will loosen the soil, will undercut all weeds and plants, but 
will leave them orv the surface. Provided the weather is dvy% particu- 
larly hot and dry, during or just after this operation, the surface weeds 
will be dried up and killed, but they will remain as a mulch anchored 
in the surface to help protect it against wind and rain. This is, in fact, 
the principle of stubble mulch farming being developed in the semi-arid 
parts of America. The methods being tried are to work the soil with 
wide sweeps attached to cultivator tines, such as is shown in Plate 
XXXIII or with rotary rod weeders, about 2 inches below the surface/ 
leaving all the dead tveeds and last season’s stubbles and crop residues 
lying on the surface, but anchored in it as is also shown in that plale. 
The next crop is sowm by cutting a narrow band through this mulch 
and putting the seed into the seed-bed prepared below it. But this 
method is only successful in regions where cutting weeds about i to 
2 inches below the surface is sufficient to kill them, and this needs 
dry weather and the absence of weeds that cannot easily be killed by 
this method. Duley and Russel have given an example of this for 
maize in Nebraska. In dry years t the maize yielded relatively much 
better under stubble mulch cultivation than ploughing, 31 compared 
with 17 bushels per acre, but in wet years relatively worse, 62 compared 
with 72; the full causes of this difference have not been recognised. 


^ E. W. Russell and B. A. Keen, J. Agrk. Sci.t 1941, 31, 326. 

*G, Torsten5son and G, EnfSfc, Kgl. LartihrAKad, Tidskr,^ 1943, 82, 296, 

* Sec, for example, C. E. Millar and A. G. Weidemann, Michigan Agric* ExpU Sta. 

BulLt 1947, 30, 5. j 

* For a description of the machinery being developed, see F. L. Duley and J. 

Agric, Engng.y 1942, 23, 39; M. B. Cox, ibid., 1944, * 5 > * 75 i Agrtc.^ Farmers 

» 797 » * 93 ^^; * 997 , * 94 ^. 
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-nie correct implement to replace the mouldboard plough on 
erodable land m the humid tropics has not yet been developed The 
native implement is the hand-hoc, and the area cultivated is divided 
into small, isolated patches. The methods being developed are taking 
advantage of the fact that in most tropical regions there is a wet and a 
dry season, and the object is to kill the weeds in the dry season, probably 
by some method such as the stubble mulch, and plant at the very 
beginning of the wet, so the land is covered with a crop as soon as 
possible. 

A second series of cultivation operations that have been of great 
importance in the past, are the hoeings done between the rows of a 
wide-spaced crop, and it is probable that in England, at any rate, 
one of the principal reasons the seed drill was introduced was to allovv 
the subsequent crop to be horse-hoed. These hoeings do two distinct 
things: they kill the weeds growing between the rows and they loosen 
the surface of the soil. At one time the agricultural scientists considered 
that the loose surface, the dust mulch as it is called, helped to reduce 
the amount of water lost by the soil, and though this is still believed 
by many farmers, field experiments all over the world have shown that 
this mulch does not normally have this effect. ^ The importance of this 
hoeing appears to lie in the weeds it kills and not in the loose tilth it 
creates,^ and this is borne out by the practical experience that other 
methods of wxed control that do not involve creating a soil mulch, 
such as using differential chemical weed killers and miniature flame 


throwers,^ can benefit the crop as much as hoeing. 

Surface hoeing may have, however, three undesirable consequences. 
The soil is left bare, the loose mulch is not stable enougli to withstand a 
heavy storm, and the production of the loose mulch may involve harm- 
ing the surface-feeding roots of the crop. This damage can be important 
in established crops of sugar-beet at Rothamsted,^ and can be serious for 
shallow rooted plantation trees, such as tea and coffee.® The methods 
that must be adopted to control weed competition ^vhere these two con- 
sequences are really important will be discussed in the next section. 

If the main effect of hoeing is to kill weeds, and its disturbing effect 
on the surface roots of the crop is4indesirable, as with coffee, sugar- 
beet, and many market-garden crops,® chemical weed killers are likely 


C. Pereira {Emp. J, Expt, Agric,, 1941, 9» 29) has collected together 

Ante* 


* t or the use of this technique, see F, E. Farweil, Sugm 
Agric. Expi, Sta., Bull, 415, 1947. 

^ A c 3 ' 33«- 

e ^ Thomas, Emp, J, Expt, Agric,, 1944, tz, 19^' 

D. Sweet, CorwK Agrk, Expt, Sta,, Bull. 795 j ^ 943 * 
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to be of more benefit than weed killing by cultivation, and in fafet with 
the range of differential herbicides now available, the amount of culti- 
vation given to soils on which crops are growing is decreasing rapidly. 
But where hoeing is done, it should be as shallow as possible and 
at a time when it either kills most weeds or any particular pernicious 
weed, or when the weeds have a particularly depressing effect on crop 
growth. There is an increasing body of evidence, which has not yet 
been properly summarised, which indicates that weeds are usually most 
harmful to the crop during the early, and particularly the very early, 
stages of growth. Hence, the importance of clean weed-freq seed-beds, 
and ofbeginning hoeing as soon as practicable. However, ifd^ep-rooting 
perennial weeds are present, the best method of control may be to let 
them start growing and to wait until the food reserves in^heir root 
system are at a minimum before cutting down their aerial paints. J. C. 
Frazier^ found that for bindw^eed in Kansas, this occurred about eight 
days after emergence, and that if the hoeing were delayed until this 
time, the weed w^as weakened much more than if the hoeing was done 
just after emergence. 

There is also a* close connection between the level of manuring, 
the amount of cultivations used and crop yield. Thus, E. W. Russell^ 
found that on the Woburn light loam soil w^eed control was more 
important for sugar-beet growing under conditions of a low nitrogen 
supply than under a high one, as is shown in Table 140. Further, the 
high supply will often benefit the crop more than the weeds, so that 
it will grow faster than the weeds and smother them: it will, in fact, be 
its own weed controller.^ 

TABLE 140 

The Effect of Weeds and Sulphate of Ammonia on the Yield of 

Sugar-beet 


Woburn, 1939-43. Sulphate of ammonia at 3-4 cwt. per acre 
Yield in tons dean beet per acre 


Crop 

No sulphate 

61 ammonia 

With sulphate 
of ammonia 

Response to 
nitrogen 

Clean weeded .... 

III 

wism 

3-9 

Weedy 

8-8 


5-8 

Depression due to weeds . 

2-3 

■■ 

MM. 


» Trans. Kansas Acad. Sci., 194!, 44, 164. See also A. L. Bakke et al, J. Agric. Rts- 
1944, 69, 137. 

* Pm, Inst, Brit, Agric, Engnrs,, 1945, 3, 99. 

* For other examples of nitrogen fertilisers having this beneficial effect, see H. R. / 

Indian Tea Assoc. ^ Mem. 6, 194G (for tea), and Amer, Fert., I947» 5* * 
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Part of this effect is due, however, to the weeds removing nitrogen 
from the soil the beet would otherwise use. This effect has been found 
in expenments on stubble mulch cultivation methods in regions of 
rather high rainfall, for the method did not control weeds well and 
the crop, usually ma'ize, responded better to nitrogen and sometimes 
potassium also than did that on clean ploughed land.^ 

However, this method of compensating for and controlling the 
harmful effects of weeds fails completely if the additional fertiliser 
benefits the weeds more than the crop. Thus, T. Eden^ found that 
adding phosphate to tea on some soils increased the yield, but once a 
certain level of phosphate had been reached a weed that depressed the 
growth of tea began to respond better to the extra phosphate than did 
the tea. Hence, keeping the phosphate level in the soil under very 
careful control enabled the tea to get most of the phosphate it needed, 
whilst at the same time it prevented a weed that is difficult to eradicate 
from developing well. 

This type of weed control is of particular importance for shallow 
rooting crops, such as tea and coffee, grown under conditions of high 
seasonal rainfall, for it is desirable to keep the soil between the bushes 
covered either with trash or vegetation, but the vegetation must not 
compete with the crop. Only recently has the importance of methods 
of weed control which obviate the necessity for cultivation been 
realised, so very few of such methods have yet been developed. 

There is one common cultivation operation often done that is not 
connected with weed control, and that is rolling. This can be very 
valuable if the soil is rather dry, for by pressing the soil closer ^to the 
plant roots, or to the seed in the seed-bed, it also presses the water 
closer to the root or seed. Rolling, however, has a marked beneficial 
effect on some light soils and some thin soils over chalk. The benefit 
in the sands may be merely due to bringing the moisture closer to the 
root, but this certainly is not the cause of the benefit on the chalk soils. 
English experience is that compaction of these soils is essential, and 
though the cause of this has not yet been proved, it is possible that a 
part at least is due to the slightly poorer aeration, and hence higher 
carbon dioxide content of the soil* air that it brings about; for, as 
was explained on p. io6, this will help to reduce the of the soil 
Ground the plant roots from 8‘4, at which the plants will suffer from 
Malnutrition due to the unavailability of phosphates and some trace 
elements, to a lower value at which these nutrients become more readily 

available. 


M, Browning el al., Pree. Soil Set. Soe. Atntf., I 944 > 4 ® 4 > * 945 > 9 > 

JV. Dakota Agric. Sta., Bull. 341, 1946- . , p t Rond £„/!> 

, J-m J. Ee^t. Agric., 1940, 8, 269; Tea Quart., 1947. 29 . 5 ; T. K. I. Bond, tmp. 

j- Agrk., J945, 13, 141. 
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Mulches and Shade Trees 

The practice of applying a layer of dead vegetable waste material, 
such as straw, hay or old grass, composts or farmyard manure, on to 
the surface of the soil around trees and bushes hfis been prevalent for 
a very long time in many parts of the world. These surface mulches 
can have very important effects on the conditions in the surface layers 
of the soil, and in consequence on the crops with shallow root systems. 
Thus, mulching has been widely used for many fruit trees/ and bushes 
and for tropical plantation crops with superficial root systems such as 
coffee and tea. \ 

A surface mulch has two types of effect on the soil: a clVracteristic 
effect, from its being on the surface of the soil, and a genipral effect, 
which it would equally well have if it were ploughed into thi^ soil, due 
to the plant nutrients set free as it decomposes. The primary specific 
effects of the mulch are confined to the superficial soil layers, which it 
keeps both cooler and at a more even temperature, and damper and 
more permeable to water than the unmulched soil. 

The effect on soil temperature is shown most strikingly in tropical 
countries which have a very large diurnal temperature change. Thus, 

S. M. Gilbert,^ working with coffee in Tanganyika, found that the 
temperature of the soil at 2 inches depth might vary by I2''C. during 
the day, whilst under a mulch it varied by 2"^ to Some results of 

T. M. McCalla and F. L, Duley,^ in Lincoln, Nebraska, also illustrate 
this effect. The average daily maximum temperature from June to 
September in the top inch of soil under maize was 3i-2°C. if the soil 
was clean weeded, and 23-6^0. under a mulch of 8 tons per acre of 
straw, whilst the average daily minimum temperatures were 17*9' C. 
and I9*7°C. respectively, giving mean temperatures of about 24*5^0. 
and 2 i* 6''C. respectively, with an average daily range of iS’S^'C. <ind 
3*9° C. respectively. The mulched soil is much cooler during the heat 
of the day and rather w^armer during the night. This effect of a mulch 
in reducing the maximum temperature in the soil, without greatly 
affecting its minimum temperature, may also be shown by a dust mulch, 
that is, the loose surface layer of the soil produced by hoeing.® 

The mulch slow^s down the rate of evaporation from a bare, wet soil 
very considerably for, as pointed out on p. 394, the rate of evaporation 
is controlled by the proportion of the energy absorbed by the soil which 
is used for evaporating water, and by the rate of removal of the water 
vapour from the region where it is being produced. So long as the wet 


^ E. Afric. Agrk, J., 1945, n, 75. 

* J. Amer. Soc. Agron., 1946, 38, 75. 

* 1 . dc V, Malherbe, London, 1948. 
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soil is exposed to the air, the water vapour is rapidly removed by the 
general turbulence of the air, but if the water vapour must diffuse 
through a thin dry layer of soil, or through a mulch which keeps the 
air almost stationary, then the rate of diffusion limits the rate of 
evaporation, and this rate is about inch per week instead of J to 
x inch per day for normal hot days. Thus, whereas a wet, bare soil 
can lose ^ inch of water in three to five days, it takes a mulched soil 
about six weeks to lose this amount, so that in hot climates a mulched 
soil can retain against evaporation much more of the water falling as 
rain than an unmulchcd. 

The mulch also keeps the soil surface permeable. Rain-water can 
only reach the soil surface as a gentle stream of clear water, which 
causes a much smaller drop in permeability than if the soil surface 
itself was exposed to the beating rain. Thus, the mulch reduces the run- 
off of the rain and consequently reduces the amount of soil the water can 
carry away^ and increases the proportion of the rain-water that perco- 
lates into the soil. Thus, not only is evaporation from the surface of the 
mulched soil reduced, but the amount of tvater infiltrating into it is 
increased. Hence, the water-supplying power of a sdil can be consider- 
ably increased by mulching as is well illustrated by sonic of S. M. 
Gilbert’s results on the mulching of coflee with banana leaves in Moshi, 
Tanganyika, given in Table 141.® The effect was large enough for 
the trees to be wilting on the clean weeded plots, but growing well on 
the mulched plots, at the time the first samples were taken. 

The effect of mulches on the nitrate concentration in the soil is com- 
plex. During dry periods the increased moisture content under the 
mulch allows decomposition of the organic matter to continue with the 
production of nitrates for a longer time than in a bare soil, but once 

TABLE 141 

The Effect of Mulch on Conserving and Maintaining the 
Water Supply in the Soil 
Percentage moisture in the soil on the oven-dry basis 


Depth of soil in 
inches . 

After prolonged drought 

After a rainy period 

0-6 

6-12 

12-18 

0-6 

6-12 

(2-18 

Mulched plots 

27-5 

350 

37-5 

41-0 

39-0 


Clean weeded plots 

155 

22-0 

260 

30-0 

33-0 



* I'or^n example of tlie effect of the weight of mulch applied on this control, see H. L 
R. Woodburn, U.i'. Dtpt. Agric., Tech. Bull. Bas, 1942- 
1945, tt, 75. 
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the rains come the increased permeability of the soil may cause the 
nitrates to wash out rather more completely than from the unmulched. 
Again Gilbert’s results on coffee soils in Tanganyika illustrate this, for 
during the dry season the mulched soils, in which coffee was growing, 
had nitrate nitrogen contents from 30 to 200 per cent more than on the 
clean weeded land, but had the same, or even less, during the rains. 
However, these results are not always found, particularly when wheat 
or maize straw is used as mulch, as is becoming customary in the Great 
Plains and the prairies of North America, for on the whole these mulches 
reduce the nitrate content of the soil there. ^ 1 

Mulches can have an important influence on the weeds Wowing in 
the soil. Thus, Gilbert found that banana trash reduced me labour 
required each year for weeding coffee from the thirty-fivlp to forty 
days per acre needed for clean weeding, to eight to fourteen days, and 
further that undesirable grasses, which needed forking out, did not 
establish themselves under the trash as they did on the clean weeded 
areas. 

The mulch also has certain general effects on the soil due to its 
organic matter decomposing. The moister conditions under the mulch 
favour the soil micro-organisms and probably the smaller animals as 
well, and the decomposition they bring about improves and stabilises 
the soil structure, as described on p. 445. This again helps to maintain 
the permeability of the superficial soil layer. The animals by their 
activity in the surface soil will also increase the number of the larger 
channels through which the water can leach. Further, the decom- 
position continuously sets free plant nutrients in the surface soil 
whenever it is moist. This decomposition must not, however, go on 
too fast, nor, in tropical regions where termites are common, should 
they consist of materials with too high a cellulose content, otherwise the 
mulch will soon disappear. Thus, relatively slowly decomposable 
material should be used, such as straw, for example. Gilbert has shown 
that, for coffee in Tanganyika, some grasses have little value as a mulch 
for this reason, whilst coarse material, such as banana slashings, are 
very valuable. 

A further effect of mulches is ‘that they increase the amount of 
exchangeable potassium in the soil, although the reason for this has 
not been established. Thus, I. W. Wander and J. H. Gourley* found 
that it was increased considerably to a depth of 8 inches in two years 
under a heavy straw mulch, and to a depth of 24 inches in twenty to 

* T. M. McCalla and J. C. Riuscl, J^ebrada Agric. Exp. Sta., Rts. SttU. 131, 1943 ! ^ 

Mooers el al.. Soil Set., 1946, 66, 307. , 

*y. Anur. Soc. Agron., J938, 30, 438; Proc. Amer. Soc. Hort. Set., 1943, 4a, i; I 945 >. 4 ”’ ‘‘J’ 
For similar results in short periods, see R. E, Stephenson and C. £. Swuster, Soil S(i., iMJ' 
89, aigj 1946, 61, 1*19. 
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thirty years. In the latter examples the soil under the mulch contained 
about 490 parts of’ exchangeable potassium per million of soil to about 
this depth, but fell rapidly to about a fifth of this value below it, whilst 
the exchangeable potassium in the unmulched soil fell to this value 
after a few inches. The extra potassium may have come from the straw, 
but potassium is the only mineral clement showing this strong down- 
ward percolation. Further, a grass mulch, made by putting land down 
to grass and mowing it with a gang mower, such as is used on golf 
greens, and leaving the grass cuttings in place, also increases the 
available potassium in the soil. This method is used in many apple 
orchards, both in this country and overseas, and it causes the apple trees 
to take up much more potassium, and also more phosphate, from the soil 
than if the orchard is kept either clean weeded or sown to annual cover 
crops which are ploughed in.^ Hence, this extra uptake of potassium, 
and possibly also of phosphate, appears to be a specific effect of the 
mulch due to some cause yet unrecognised. 

These effects of mulches show the reasons why they are so valuable 
with shallow rooting crops in hot weather, for all these effects help to 
maintain the surface layers of the soil as a suitable environment for 
root growth. Indeed, for some of the very shallow rooting crops the 
root system tends to develop from the soil surface into the base of the 
mulch. 

A surface mulch can have another very important function for use 
in helping to establish small seeded crops in hot climates, for the surface 
inch of soil is a very poor medium for seed germination if exposed to 
the heat of the tropical sun. This technique can be very useful in getting 
a grass or legume cover established on eroded or bare soils. ^ 

Some of the benefits of a mulch can be obtained by growing shade 
trees which will protect the surface of the soil and lo^v-growing crops 
from the direct heat of the sun and will to some extent break the fall 
oi the raindrops before they hit the soil. Plate XXXIV gives a good 
idea of the kind of intensity of shade used, in this case for coffee growing 
'•^t 5,000 feet elevation in Kenya. The benefits from this practice of 
J^hacle trees is difficult to assess, as several other factors besides shade 
*w often involved. Thus, shade irc^is arc commonly leguminous plants 
^uid hence they help to enrich the soil in nitrogen — if not through then 
toots, then through their leaf fall— and the practice of growing shade 
^fccs is often bound up with that of regularly slashing them and using 
die slashings as a surface mulch. Again, shade trees often act as ^^n 
breaks, and will therefore reduce the rate of transpiration from e 


}i example. B. Davis and H. IBU, Donu Camiia Dept. Agrk.^ Puhl. 80- ( 

1948; O. Bould €i al„ Loti^ Ashton Ann. 37‘ fVsDcacza in 

8 . ir Hendrickson and K. B. Crowley, .7* Arner, Soc. 194 , 33> 9 

Q £ Glcndcning, ibid., 1942, 34^ 797 (g«'asses 111 /Vuzona). 
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protected crop during periods of strong drying winds, they probably 
raise the night minimum temperatures over the shaded crop somewhat, 
and they may reduce the incidence of insect pests, but they compete 
for water with the crop. More work must be done before the detailed 
circumstances in which shade trees benefit such crops as tea, coffee and 
cocoa plantations are known. 



CHAPTER XXXVII 


THE CONTROL OF SOIL FERTILITY IN PRACTICE 


Problems in the control of soil fertility have been discussed in passing 
all through this book, and in this final chapter a few of the more 
essential conditions for fertility will be summarised. 

The object of trying to increase, or to conserve, fertility is to obtain 
as large a yield as is economic, or as is possible, of whatever crops are 
grown; but high fertility often has the further consequence that it in- 
creases the range of crops a farmer can grow. Soil fertility naturally only 
plays a small part in the choice of crops, for the climate is the most 
important factor, and, in particular, the rainfall, the length of the frost- 
free period, and minimum night temperatures during the growing 
season. The control exercised by the first two are very severe. Drought 
and prolonged frost prevent large areas of the earth’s surface being 
cultivated, whilst night frosts merely restrict the choice of crop. 
Again, unless there is a certain depth of soil, crop production becomes 
precarious, and this, together with the low temperatures and often 
high winds and heavy rainfall, prevents or severely limits the culd- 
vation of large areas of mountain land over the world. These areas 
show how climate or depth of soil prevents crops from making use of 

whatever fertility is stored in tliese soils. . 

A soil can only be fertile if it is a favourable environment ior root 
growth. The roots of most agricultural crops need the following 
conditions for good development: they must have an adequate supply 
o( oxygen and a low concentration of carbon dioxide; and the /iH ot 
the soil must lie in a fairly definite range, bounded on the upper side 
by the root’s ability to extract nutrients from the soil, and usually on 
the lower by the concentration of certain cations such as a uminium 
and manganese, which are adsorbed under these con iiions in su 
ciently large quantities to harm thi roots or the p ant itse • 

The oxy^ and carbon dioxide needs of the root f ‘^"l^depen^ on 
the soil temperature and the activity of the root sys em. 
evidence that the root system is ever harmed 
lent in the soil air, but it will most definitely suffer 
falls too low. The principal exception to this rule is 
need only very little oxygen in the soil air, for they wstems 

with Jt through special tissues in the stem and are hLmcd 

do not seem to need carbon dioxide in the soil air, 

643 
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if it rises to more than a few per cent. But a moderate carbon dioxide 
concentration, up to i to 2 per cent in extreme cases, can be very 
desirable in soils containing free calcium carbonate or much exchange- 
able sodium, for this helps to reduce the pH of the soil to below 8, 
or even below 7 5, at which pH the root system? of most plants can 
extract the phosphates and other minor elements they need. The actual 
carbon dioxide concentrations plant roots can tolerate depends to some 
extent on. the root, but it also depends on the soil temperature, for 
the higher the temperature the lower is the concentration that begins 
to harm them. 

A low oxygen content of the soil air, or a very low air coiuent in the 
soil can have other undesirable consequences, for the microbial popu- 
lation in the subsoil will set up strong reducing conditions there, 
maintaining a high carbon dioxide concentration and producing 
reduced compounds, such as sulphides, which are very toxic to most 
roots. Thus, water-logging, a high water table, or a soil witn such a 
fine texture that it has a very restricted air space are all undesirable; 
and most crops can only be profitably grown on soils in which water- 
logging is prevented, and a high water table lowered by drainage. One 
can do little to improve fine textured soils with a very small air space, 
except restrict the cropping to those crops that suffer least from this 
condition. 

Low oxygen and high carbon dioxide concentrations in the soil air 
and water also affect the composition of the organisms inhabiting the 
soil, for only groups tolerant of anaerobic conditions can make active 
growth, or even exist at all, and these groups are mainly confined to 
the bacteria. The more general aerobic population will be confined 
to the surface of such soils, and the composition of its larger members 
will be restricted because they cannot escape unfavourable climatic 
conditions of heat, cold or drought by penetrating into the subsoil. 
Thus, most species of earthworms are absent from such soils. 

Another harmful consequence of poor drainage in arid regions is 
that the quantity of salts in the soil begins to become sufficiently high 
to affect plant growth, and often to restrict very considerably the species 
of plants which can grow. Not only may 4 he salt content rise, but so 
may the content of exchangeable sodium ions, with the consequence 
that the soil may become very alkaline, badly aerated and difficult 
to drain. 

The pH of the soil affects the root system mainly indirectly, for the 
root or plant suffers from consequences of the pH before the actual 
hydrogen- or hydroxyl-ion concentration has any harmful effect. Thus, 
few roots can absorb enough phosphate, iron, zinc or manganese Ir^' 
the soil with a pH much above 8 for the plant’s needs. And at low pHs 
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the root system suffers from poisoning by soluble aluminium and 
manganese ions on Uic one hand, and from shortage of available 
calcium ions on the other, before the hydrogen-ion concentration begins 
to be harmful. ® 

Thus a soil can only be a suitable environment for plant roots if it 
is adequately drained and aerated, if its salt content and content of 
exchangeable sodium ions is low, and if its pH. falls in a suitable range. 
Hence, drainage and dressings of lime or of sulphur or gypsum may be 
necessary to bring a soil into a suitable condition for good root develop- 
ment. If these conditions are not properly fulfilled the choice of 
crop will be unduly restricted, and so will its root system. Hence, it 
will be liable to suffer from frosts, droughts and high temperatures that 
would not affect a deeper root system, and these harmful effects are 
all more serious in hot regions than in cool, and particularly in moist, 
cool regions, for under such conditions a shallow root system may be 
able to carry a full crop because at no time will it have to build up an 
appreciable water deficit in the soil. 

The root system needs not only a suitable environment in which to 
grow, it must also take up enough water and nutrients for the crop 
to give a good yield of whatever part is required. Of the nutrient 
shortages that limit crop yields over the world as a whole, nitrogen and 
phosphorus are the most important, though lack of available calcium 
and potassium is also important. 

Lack of water probably limits the total food production in the world 
more than any other single factor, although it is relatively unimportant 
in a humid country such as Great Britain. It is directly responsible 
for the sterility of the deserts, and for the very low yields and restricted 
choice of crops in the semi-deserts and steppes. 

Drought only begins to affect plant growth appreciably when the 
root system has extracted all the readily available water from the soil in 
the root zone, by which time it has also extracted some from the soil 
below. The deeper the root system, and the more thoroughly it ramifies 
through the soil, the greater is the amount of water it can withdraw 
from the soil, and the longer the crop can withstand a drought without 
suffering. There arc very few meth®ds available for deepening the root 
system of the plant. Lowering the water table and incorporating lime 
in the subsoil arc both helpful if water-logging or acidity limit the 
depth of root penetration. Breaking up a hard pan is also helpful, but 
just how indurated or compact a pan must be before the roots cease to 
be able to penetrate it is uncertain. A pan may harm the root system 
niore by impeding the drainage of water, and hence allowing reduemg 
conditions to prevail and the carbon dioxide content to rise to too mgh 
a level, than by its actually preventing the roots penetrating throug i it. 
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Again, in heavy clay soils the root system cannot always ramify through 
the clay uniformly enough to extract all the available water in the 
root zone, and it is possible that in such circumstances deep tillage 
may encourage this ramification, but the technique for doing this has 
not yet been established. 

Very little can be done to increase the water-holding power of the 
soil, for even large additions of bulky organic manures have little 
effect, and probably can never have an effect greater than would 
correspond to deepening the root zone by 6 inches. But they can have 
a very important local effect, for an extra small amount of water, in 
the neighbourhood of a seed or a young plant during a drought, may 
allow it to rapidly deepen its root system at this critical tima 

But the removal of water from the soil by the crop is only one side 
of the water regime: it is equally important to allow sufficient water 
to penetrate into the soil for crop growth. This is the problem ol 
maintaining the surface of the soil in such a condition that rains, even 
if they fall as torrential storms, shall be able to penetrate into the soil 
whenever necessary. This maintenance of surface permeability is 
undoubtedly one of the most difficult problems farmers have to face 
in regions subject to such storms. This does not mean that, for as far 
as the farmer is concerned, all the rain must enter the soil, for as soon 
as the water deficit in the soil has been made good it may be desirable 
for most of the remainder of the water to run off, provided it does not 
remove too much soil, for unnecessary leaching of water through the 
root zone removes the nitrates from the soil, and hence wastes some 
of the soil’s store of available nitrogen. Run-off may complicate the 
job of tfee engineers in the river catchment boards, in that flood control 
is the more difficult the quicker the surplus water finds its way into 
the rivers. How^ever, efficient drainage systems may give them just the 
same problems, for storm-water rapidly percolates through most 
well-drained soils into the drains. 

Nitrogen and phosphate probably are the two plant foods that most 
limit crop yields in regions where water is not the limiting factor. 
Phosphate shortage occurs in areas all over the world, and may limit 
yields even in dry areas, as, for example, in4hc wheat-growing districts 
of Australia. Shortage of available nitrogen is characteristic of the 
humid regions, although A. E. V. Richardson^ considers that even in 
some semi-arid regions shortage of nitrogen is as important a factor as 
shortage of water in causing the low yields obtained. Recent field 
experiments all over the world have consistently shown how once water 
is plentiful, crop yields can be increased, sometimes very markedly > fiy 
adding available nitrogen compounds to the soil. In fact, inTnany 

^ With H, C. Gurney, Emp. J. Exp, Agtk., 1933, i, 193, 325. 
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soUs and fi>r many crops, the nitrogen level in the soil is the most 
important factor controlling the crop yield.i But nitrogen differs from 
phosphates m that if the phosphate status of the soil is low, a phosphate 
fertiliser must in general be added, whilst if the nitrogen status if low 
either leguminous drops can be grown, which directly increase the 
amount of available nitrogen compounds in the soil, or nitrogen-poor 
but otherwise readily decomposable organic matter can be added so 
that the nitrogen-fixing bacteria in the soil can increase the supply, or 
the soil surface can be left wet so nitrogen-fixing blue-green algae can 
develop. Of these three mechanisms, the first is of very great agricul- 
tural importance, the second is probably mainly of importance in 
forests and in some pastures, and the third probably only in paddy 
rice fields. But it is not always profitable to rely entirely on biological 
methods for increasing the nitrogen supply of the soil, and the need 
for nitrogen fertilisers is rapidly being appreciated all over the world. 
There is little doubt that crop yields in the humid regions could be 
considerably increased if the farmers could be persuaded to adapt 
their systems of farming for making the best use of these nitrogen 
fertilisers. » 

The conservation of fertility usually involves, on the one hand, 
putting back into the soil the nutrients removed by the crop or leached 
out by drainage water, and on the other preventing any appreciable 
movement of the soil. Fertility cannot necessarily be maintained 
merely by putting back all the crop residues even if this is possible, for 
this does not replace the losses by leaching. But proper conservation, 
and the return of all crop residues and of the excreta of animals feeding 
on the crops, reduces the drain on the reserves of plant food. In areas 
where the temperature and rainfall are high, and the minerals com- 
posing the soil particles are weathering fast enough to provide much 
of the minerals needed by the crop, a stable system of farming, for as 
far as nutrients are concerned, can be assured if an adequate number 
of leguminous crops are taken. 

Another method of ensuring stability of nutrient status, which can 
only be practised in the valleys of certain rivers, is to allow fertile silt 
carried by the river to be depositedon the land. Thus, much Egyptian 
soil has been kept fertile for several millennia by plant nutrients derived 
from the weathering and erosion of rocks in the Abyssinian highlands. 
Here is a case where the most efficient way of tapping the plant 
nutrients produced may not be to grow crops on the site of their 
production, that is, on the thin soils of the high mountains, but to 
ict these materials be washed down into the deep alluvial soils of t e 
valleyt 

’ See, for example, H. L. Richardson, Emp. J. Exp. Agnc., 14, i, «09- ‘75- 
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The prevention or at least the control of water erosion on agricultural 
lands depends on keeping the soil surface permeable, and ensuring 
that whatever water cannot penetrate the soil runs oflf the surface 
slowly as a thin uniform sheet. This control may involve developing 
a suitable method of farming to ensure that the soil surface is protected 
from the actual falling raindrops, and that enough decomposable 
organic manure is used, or long enough leys are taken, to ensure the 
water-stability of the crumb is as high as possible. Strip cropping on 
the contour, sometimes with terraces, is often the method to be used, 
and here, as in the prevention of wind-blowing, the mouldboard plough 
can be a very undesirable cultivation implement because of the bare 
soil surface it leaves. \ 

The prevention of wind-blowing consists in preventing ^the wind 
blowing across long lengths of bare, unprotected soil. The sci^l can be 
protected by planting quite narrow strips of crops across the direction 
of the strongest winds, of cultivating the soil so that as much as possible 
of the previous year’s crop residues are left on the surface of the soil, 
or are anchored into the soil with most of the residues being above the 
soil. Or it can be protected, but not very effectively, by running ridges 
across the direction of the wind. None of these methods, however, 
give much protection if the land is subjected to a drought lasting 
several years. 

Soil organisms and soil organic matter usually only affect crop growth 
indirectly. One of the principal consequences of the soil organisms 
feeding on the soil organic matter is the continuous conversion of nutri- 
ents from a form in which they are relatively immobile and unavailable 
into one in which they arc mobile and available to the plant. The organic 
matter is an excellent reservoir of all plant nutrients, and in this form 
they are relatively immobile in the soil, and the soil organisms slowly 
release the plant nutrients from the organic matter into a mobile form 
that is available for the growing crop. Besides this primary function, 
some organisms have other functions, such as the mixing of the dead 
plant litter that falls on to the surface of uncultivated soil with the super- 
ficial layers of the soil — one of the principal functions of the surface- 
feeding earthworms. • 

The soil organisms have another function, the details of which are not 
fully understood, which is the mellowing of the soil crumbs in clay 
soils, and the binding together of sand particles in light soils. They 
either produce, as a by-product of their metabolism, chemical substances 
that bind the soil particles together, or they bring the soil particles and 
organic substances into intimate contact with each other. This increases 
the stability of the distribution of pore sizes during wetting, artd the 
resistance of the soil crumbs and clods to break-up by slaking. Hence, 
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they help to improve and maintain the permeability of the surface soil 
and the goodness of aeration in the subsoil during wet periods Bv 
mellowing the tilth of the clay soils, the clods crumble more ekly 
and by binding together the sand and silt particles, sandy soils are less 
liable to blow and to’cap. 

The general soil organisms have another important action in that 
they tend to kill any organism not adapted to life in the soil, and since 
few of the plant pathogenic organisms are so adapted, the general 
population plays an important part in the control of many plant 
diseases. ^ 


The Management of Sandy Soils in England 

The general problems facing the light- and heav7-land farmers in 
England will serv'e as an illustration of the principles just discussed. 
The great problems facing the light-land farmer are to obtain enough 
water in the seed-bed for the crop to get started, to provide an adequate 
amount of plant food in such a way that it will not get washed out 
of the soil too quickly, and, in some places, to prevent the soil from 
blowing. 

The best way of increasing the water-holding power of the seed-bed, 
and also of maintaining an adequate supply of nutrients without too 
great a loss by leaching, is to maintain as high a level of organic matter 
in the surface soil as possible. The old method of doing this was to 
fold sheep over the land. Between two and four green crops might be 
taken during twelve to twenty-four months, and each would be, eaten 
off by sheep and then this was followed by two or more years in 
arable crops. The sheep and the green crops not only added 
organic matter to the soil, but the sheep compacted and often 
puddled the surface layer of the soil. This somewhat increased the 
carbon dioxide content of the soil air, w'hich is of importance on all 
light soils containing free calcium carbonate, as it helps to reduce the 
pH of the soil, and hence increase the availability of some of the plant 
nutrients. 

The main problem at the present* time on many of these soils is to 
develop a system of farming which is adapted to present-day economic 
conditions and which is technically as satisfactory as the sheepfold. 
Leys left down for several years and grazed with cattle arc technically 
ns satisfactory as the sheepfold, but they often involve fencing and 
''entering large areas of land, sometimes in districts where water is 
Scarce. The fibrous roots of the ley will often bind soil particles together 
lor thr^e to four years after it has been ploughed out. 

Another aspect of the problem of conscrvdng water at sowing or 
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planting time is weed control, for light land encourages both deep- 
rooting weeds and weeds that multiply from a spreading root syst^ or 
from underground rhizomes. Weed control may be particularly 
troublesome during winter on light land compared with heavy, 
because light soils are so much better aerated than heavy that weeds 
grow in them for a long period in the late autumn and early winter, 
and start growing again earlier in late winter and early spring; and in 
a number of years weeds will, in fact, make appreciable growth through- 
out the whole winter. These weeds can be killed or set back by suitable 
cultivation before the seed is sown, but in a dry spring the process of 
doing this may dry out the surface soil so much that the seed cannot 
germinate until after the drought has broken. An important principle 
in weed control in areas of adequate rainfall is to keep the lai^d cropped, 
for the crop, even if only quite small, discourages many we^ds. These 
catch crops not only help to control weeds, but they also pifevent the 
leaching out of nutrients, reduce the liability of the soil to blow, and add 
a little more organic matter to the soil, when they are ploughed in. 
Catch-cropping is therefore an integral part of light-land husbandry 
whenever the rainfall is sufficient, and is, in many parts of the country, 
confined to light land. In the days of the shcepfold these would always 
have been fed off, but now they are often ploughed in. 

The secret of light-land farming is therefore to prevent weeds multi- 
plying on the land, for it is much easier to get a moist seed-bed in dry 
weather when there is no necessity to have to use weed-killing operations 
such as ploughing or deep harrowing — operations that cause a large 
loss of water from the surface soil by evaporation. 

Finally, light land can suffer from over-liming very easily. Ideally 
light land should have a pH between 6 and 6-5, and whenever it is 
necessary to lime it should be given in small dressings, at frequent 
intervals if necessary, but one should never aim at bringing the 
up to 7. 

Thus, one can summarise the problems of the light-land farmer as 
maintaining the humus content of the surface soil as high as possible, 
keeping a growing crop on the land for as large a part of the year as 
possible, and keeping the land sotclean tiiat the absolute minimum of 
cultivations are necessary to get a seed-bed free from weeds whenever 
the weather is dry. 


The Management of the English Clay Soils 

These soils present an entirely different set of problems from ths 
sands. The two great difficulties in clay-land farming arc to keep th® 
soil as dry as pxMsible during the winter six months when transpiration 
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is low, and to obtain a suitable tU A for drilling seeds at the appropriate 
times of the year. The effect of improving the drainage on the stand 
of young wheat or beans through a wet winter can be most striking, 
and an efficient drmnage system and deep cultivations help to ensure 
that the surfi^e soil is well drained and well aerated throughout this 
season. The importance of this is obvious, for, on the one hand , water- 
logging keeps the root system very shallow and poorly developed, and 
hence causes the young plant to be partially starved of nutrients, and, 
on the other, water-logged soils heave badly during frosts and so break 
a large proportion of these poorly developed roots. 

The English clay soils fall into two sharply contrasting classes with 
respect to their ease of drainage. The genuine clays have normally a 
fairly good stable subsoil structure, and a properly installed drainage 
system will function efficiently for a long time, since there are a large 
number of stable drainage channels. The silty clays, which may easily 
be mbtaken for the true clays on a cursory inspection, are so hig h in 
silt that they do not possess a stable subsoil structure nor stable drainage 
channels through the subsoil. Hence, it is much more difficult to get 
the water into the drains, and the water that enters is silty, so tliat 
the drains will soon be blocked with silt unless proper steps are taken 
to trap the silt. These soils are probably some of the most difficult to 
manage in the country, and the only way it seems possible to improve 
them is to lay them down to long leys and then to take a few arable 
crops while the subsoil is still well supplied with drainage channels 
formed by the roots of the ley. 

Clays also differ from the sands in the ease of cultivation. ,Sands 
can be cultivated on almost any day of the year, and rarely are there 
any problems in getting a tilth suitable for sowing, provided there is 
enough moisture for the seed to germinate. Clays, on the other hand, 
can only be cultivated when the moisture content of the soil lies between 
comparatively narrow limits, and if it is cultivated at the wrong time, 
or in the wrong way, the surface will be composed of large lumps that 
are plastic when wet and hard when dry, and that cannot be com- 
minuted into crumbs of a suitable size for a seed-bed. Hence, the 
primary problem of the clay-land farmer is to choose the right time 
and the right implement to do his cultivations, and since there are only 
a limited number of days during which cultivations are possible, he 
needs more and heavier cultivating machinery per lOO acres ffian hu 
light-land colleague. Cultivating heavy land when it is moist, and 
leaving the clods exposed to the sun, wind, and rain, and m particulM 
to the frost, help to produce a crumbly layer of soil on the surface; ^ci 
rfone wants to prepare a seed-bed, it is essential that no deep cultiva- 
tions be done once this tilthy layer has begun to form. 
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Most of the English clay soils arc naturally low in phosphate. Thus, 
even if the surface soil has received generous dressings of phosphate, 
deep ploughing, by bringing up fresh subsoil, may cause crop failures 
unless the phosphate deficiency of this subsoil is rectified. Again, much 
of the clays had been in pasture for many yeafs before the 1939-45 
war, during which time they received very little phosphate. As a 
consequence, they were so short of phosphate that, when the pastures 
were ploughed out during the war, arable crops would fail unless gener- 
ous dressings of phosphate were given, much to the surprise of many 
farmers who had expected to cash the fertility stored up by the grass. 
Even the pastures themselves would have been improved if they had 
received adequate dressings of phosphate, as is shown in Plate XXXV, 
which illustrates the effect of adding, in this case, ground rock phosphate 
to a typical phosphate-starved acid pasture on the London Clay in 
Essex. ^ The phosphate encouraged the development of Wild white 
clover and the good pasture grasses at the expense of such poor grasses 
as the bents (Agrostis) and Aira caespitosa. 

Heavy land holds much more available water than very light 
land, but, even so, seed-beds in the spring can easily be dried out if 
they are over-cultivated during drying periods. Hence, again, the 
great value of preventing weeds growing or germinating in the seed- 
bed, and the value of general good management which helps to 
ensure this. 

Nutrient levels can be maintained more easily in clays than sands, 
for they hold the nutrients much more retentively against drainage. 
Clay soils also are never as well aerated as sands, so the /)H of even 
a calcareous clay never rises high enough to affect the availability of 
phosphates or of trace elements. Hence, clay soils cannot be over- 
limed, and in fact the mellowness of the tilth is often said to be improved 
by very heavy dressings of chalk. Again, the humus content of heavy 
soils is less important than that of light, for whereas it is practically 
impossible to farm many sands without regard to the humus and 
fibre content of their surface soils, it is perfectly feasible to farm 
clays, apparently indefinitely, without the use of farmyard manure 
or leys. • 

The importance of farmyard manure, leys, and lime or chalk in 
helping to improve the crumblincss or mellowness of clay clods or 
crumbs in practice is still undecided. Farmers have successfully farmed 
clay lands without adding humus or fibre to the soil, and without 
ensuring the presence of free calcium carbonate in the soil, though this 
success may only have been achieved by men who arc very skilful 
cultivators. ' 

^ G, Scott Robertson, J. Min, Agru,^ 1922, 29, 519, 600. 
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Clay lands are often spoken of as cold soUs, and certainly crops make 
much less growth during the six winter months on clay soils than they 
do on sandy soils in the same district. Thus, catch-cropping is impracti- 
cable on clays, and winter-sown crops must often be sown one or even 
two months earlier on clays than on sands if they are to make enough 
growth to stand the winter frosts. In the same way, spring-sown crops 
must often be sown considerably later on clays, because they are still 
too cold and wet for seeds to germinate, although conditions on the 
lighter soils are passable. But the cause of this shorter growing season 
may be the poorer aeration rather than the lower temperatures of wet 
clays compared with sands. 

Clay soils have had rather a chequered agricultural history. Origin- 
ally covered with oak forest and hazel undergrowth, they were early 
1 eclaimed for agriculture purposes by draining, applications of lime* 
and, later, of ground bones. Wheat and beans were the great clay 
ciops, and in the early part of the last century, under the combined 
influence of high prices, large drainage schemes and artificial stimulus 
to enclosure, great areas came into cultivation, so that now only little 
unreclaimed clay remains, excepting where the forest was preserved 
for hunting. Crops grew well but ripened late; a wet harvest was a 
terrible calamity. Bare fallowing was always necessary once in four 
years, and any of the intervening years might, if wet, be lost by the 
difficulty of getting on the land to sow the crop. When the price of 
wlieat fell in the eighties of the last century many of these soils went 
out of cultivation and became covered with a mixed growth of grass 
and weed, which was grazed by stock and gradually deteriorated as 
the old drains choked up and the land became more and more water- 
logged. Aira caespitosa, bent grass {Agroslis vulgaris), yellow rattle 
{Rhinanlhus Crisla-galli), and in drier places the quaking grass [Briga 
media) and ox-eye daisy {Chrysanthemum leucantkemum) are among the 
commoner plants on these neglected fields; after continued neglect 
thorns and other trees spring up and the land reverts to wild woodland; 
the only relies of the past are the field names and the high ridges or 
“lands” made years ago to facilitate drainage. But much of this rough 
land has recently been improved and converted into useful pasture or 
arable land by attending to the drainage, and to the linie and phosphate 
status of the soil on the one hand, and by the introduction of the crawler 
tractor and heavy cultivating implements on the other. 

'I'hus, the problems of clay-land farming are keeping the surface soil 
'veil drained during the winter, and having an adequate amount 0 
ttiachincry available so that as much of the land as possible can e 

' I'or example, see The Inrkhment of the Weald of Kent, by R.I.. 1625 (attributed in the i 3 
"<1 later editions to Gervate Markham). 



654 THE CONTIlOt OF soil- FERtlLtlPY IN PRACTICE 

cultivated when it is in a condition to fall down easily to a crumhly 
condition. Heavy-land fanning should, therefore, be power-<farming 
wherever possible. 

Some Principles Involved in the Management of Tropical Soils 

The management of tropical soils involves quite different sets ol 
principles from that of English soils: both the climate and the soils are 
different. In the tropics there are no marked seasonal changes of 
temperature, such as occur between winter and summer ini the higher 
latitudes, so the soils there usually have a more even, and a considerably 
higher average temperature. The rainfall, again, in the tropics has a 
different distribution from that in the temperate regions, for the rain 
tends to fall in heavy storms, and to be confined to one or to\two rainy 
seasons in the year, with intervening dry seasons of severe\ drought. 
Further, as the aimual rainfall increases, so usually does the length of the 
rainy season with a corresponding shortening of the dry. 

The leached soils of the tropics differ from those in the temperate 
regions by the much higher proportion of kaolinite clay they contain. If 
the parent material is low in iron and aluminium, and the site is ancient 
and uneroded, kaolinite clay may be practically the only mineral 
present in the soil, and such soils will have a poor, unstable structure 
and a very low base exchange capacity. But if the parent material 
contains much iron or aluminium, then the soil will contain their 
oxides and hydroxides, which will cement clusters of kaolinite particles 
into fifm and larger aggregates, thus improving the soil structure and 
permeability, though often at the cost of increasing the power of the 
soil to fix phosphates. Further, the subsoil of such soils may contain 
these hydroxides in such a form that it is fairly soft and plastic in its 
natural condition, but dries out into hard bricks that only weather 
down very slowly to a friable soil when exposed to the sun. 

The basic principle of managing these soils is, therefore, to devise a 
system of farming that involves the minimum of clean cultivation— 
for this leaves the soil bare — and that maintains a high organic matter 
content in the surface soil — for thfc not only helps to hold bases against 
leaching and phosphate against fixation by the active iron and alu- 
minium compounds present, but it is also a source of plant nutrients 
in itself and it helps to maintain the structure and permeability ol 
the surface soil. 

The problems involved in cultivating a soil with a minimum amount 
6f clean cultivation are still largely unexplored in the humid tiopics- 
Methods of soil cultivation imdcr a surface mulch, nmilar to the 'stubble 
mulch techniques that are being developed in the wheat lands ol 
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Canada and America, may be found applicable; but the best basis for 
future developments may be that underlying traditional native aeri- 
culture, namely, mixed cropping, in which the land carries crops 
planted and commg tQ maturity at different times, and of dibbling or 
planting the crop into a soil that has only received a very shallow 
cultivation with a hoe. 

Soil organic matter and soil structure can be maintained in some 
areas by the use of farmyard manure and composts, but the dressings 
of manure needed are so high, up to 30 tons per acre annually,^ that 
this method is mainly confined to vegetable gardens. However, it can 
also be maintained in land under permanent plantation crops by leaving, 
as a mulch on the soil surface, slashings from trees or crops grown and 
cut largely for this purpose. 

The usual method of maintaining soil organic matter is, however, to 
use an alternation of a few years of tillage crops with a few of soil- 
resting crops, that is, crops not requiring any cultivation. This method is 
therefore similar in principle to that of alternate husbandry in England, 
but it differs greatly in detail. It may be very similar, for provided the 
soil is adequately supplied with nutrients, or adequate amounts of 
fertiliser arc used, and there is an adequate rainfall, then the land can 
be put down to grass for a period of years. These leys are usually 
planted, not sown, but they differ from temperate leys in that there are 
not yet any tropical pasture legumes corresponding to the clovers and 
lucerne of the temperate regions. In East Africa, grasses of the Penni- 
seium and Cynodon genera arc often used, including elephant (P. purpureum) 
and kikuyu {P. clandestinum) grasses. These leys are down fo5 3 to 6 
years and their primary function is to restore the structure of the soil: 
they are most valuable if they are planted before the structure has 
deteriorated too badly.* 

The much more common way of putting land down to a resting crop 
is to let it revert to natural vegetation, which will be a grass or savannah 
(grass with bush) type in the drier* and a forest type in tlie wetter 
regions — a practice commonly known as shifting cultivation. The prob- 
lems of importance here are to ensure that a desirable type of natural 
vegetation is quickly established, •that is, one which covers the soil 
surface, increases the organic matter content and nutrient status 
ol die soil and improves its structure as quickly as possible, and one 
which can easily be killed when the land next comes into arable. On the 


^ ' Fitr an example of ihc efficacy of dressing of ibis order in Kenya, see M. D. Graham, E. 

Airic. J; I94J. 3. 1“ S"” ” 

» - MW* 

European practice of bare faUowing which, naturally, must not be practised in inese n^ioi 



65^ the control Of SOIL tERTlLlTY IN PRACTICE 

whole a desirable type of vegetation usually regenerates if the land was 
well managed and its condition was still reasonable at the end of the 
arable break, whereas undesirable species, such as the Imperata type of 
grass, come in if the land is left in too poor a condition. Further, the 
last crop planted may influence the rate of establishment of the desirable 
species. Thus G. E. Kellogg^ quotes the findings of workers in the 
Belgian Congo that in some areas bananas and cassava encourage the 
rapid regeneration of forest, which is wanted, whilst groundnuts 
encourage sparse, and therefore inferior savannah that is only slowly 
invaded by the forest. I 

The re-establishment of the natural vegetation takes place quicker 
if the cultivated areas are either small plots or narrow strips surrounded 
by the natural vegetation. Small plots are customary in much native 
agriculture, but long narrow strips allow a more systematic and inten- 
sive use of the land, and at the same time can give better protection 
against erosion. Kellogg, in the F.A.O. bulletin already quoted, has 
described such an improved system of shifting cultivation that is being 
developed in parts of the Belgian Congo, and two of his photographs 
illustrating stages irrthis system are reproduced in Plate XXXVIII. The 
first shows a mixed crop of cassava and bananas, with the natural 
forest in the background and the second shows the forest invading a strip 
after the last harvest has been taken. 

The number of years the land must be left in a resting crop depends 
on the poverty of the soil and the goodness of management during the 
tillage period. Very impoverished soils, such as occur in the wetter 
areas where forest is the natural vegetation, need a longer rest than soils 
with a higher reserve of plant nutrients, such as often occur in the drier 
areas where grass or savannah is the natural vegetation. Hence 3 to 6 
years in grass is often sufficient, whilst 10 to 20 years in forest may be 
necessary. Such short periods in grass are, however, only effective if 
its grazing or burning is controlled, for if the grass is grazed too heavily, 
it cannot develop a deep or extensive root system, hence cannot bring 
up plant nutrients from the deeper layers of the subsoil, nor add suffi- 
ciently large quantities of organic matter to the superficial layers of the 
surface soil to improve the structure These methods therefore can only 
be effective if the land is neither over-populated with stock nor hum^ 
beings, for over-grazing renders the resting period largely ineffective in 
restoring the soil condition, and over-population prevents the land fi«ni 
being kept out of cultivation long enough for this restoration to take 
place. 

The problem of bringing land back into cultivation after the ^ting 

* Soil Conservation, F.A.O. Agricultural Studies No. 4, 1948. Thb buUetin describes Mvaool 
tbeae shifting cultivation practices. 
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Plate XXXVIII 



Forest invading an old cassava and banana field, to begin the forest failo^ 
which will last for several years. Some forest trees are allowed to remain on 
the land to give shade and regeneration (Congo) 

(P.6S6) 
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period IS usually solved by firing the vegetation when it is dead, pre- 
ferably at the beginning of the rains,, if it is mainly grass; and cutting it 
down and burning it, if it is forest. Presumably burning the vegetatiL 
particularly the grass, is rather a wasteful operation, but the problems 
involved in composuhg it are considerable. In the first place it mainly 
consists of cellulose and lignin, a great proportion of which must be 
oxidised away before the nitrogen content of the compost is high enough 
for it to be put on the land, and in the second place termites may use 
much of the more cellulosic material as food, so becoming much too 
numerous. 

The two general aims of crop husbandry in the tropics thus seem to 
be to keep the soil surface protected from the sun and rain for as long 
as possible each year, and to choose a system of management in 
which some of the crops grown will enrich the surface soil in plant 
nutrients and allow its structure to regenerate after it has begun to 
deteriorate under tillage crops. The former is achieved by mixed 
cropping, by methods of planting not involving much cultivation, by 
methods of weed control based on suitable rotations rather than on 
clean weeding, and by the use of mulches, cover crcJps and shade trees. 
The second is achieved by converting the maximum amount of un- 
wanted plant and animal refuse into manure and compost, by the use 
of adequately manured leguminous crops, and by the control of the 
rate of regeneration of the natural vegetation, and its type, through the 
use of suitable rotations and a proper lay-out of the cultivated and 
resting areas. 


Soil Fertility and Productivity : A Summary 

The preceding discussions have shown that the agricultural uses to 
which land can be put are largely controlled by factors such as the 
climate of the area, the topography of the land, the depth of the soil, 
the chemical processes of its formation and certain of its properties 
which are directly dependent on the parent material from which it has 
been derived. Some of these factors restrict the yield of all crops in the 
area, and others restrict the range df crops which will give good growth 
or economic returns. One of the most thankless and difficult tasks of 
an agricultural adviser or research officer is to tell farmers that they are 
trying to grow a crop on a soil quite unsuiled to it, when they can see 

it growing very profitably elsewhere in their area. . , , . , . 

Plate XXXVI is a photograph of a typical Herefor Jhire land- 
scape. which illustrates the control that topography and soil depth 
together can have on the productivity and range o 
that area. The large arable fields in the centre of the photograph a 
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m deep, fairly level atid well>drained toils, so this area is 
obvioudy well suited to large-scale arable fanning. The field in the 
foreground, which is on a moderate slope and has a shallow, stony soil, 
is also in arable but is less suited to arable farming^an the lower lands, 
both because its ability to supply water to the ci^ during dry periods 
is strictly limited and also because cultivations are more expennve, 
particularly if precautions were to be taken to control soil and water 
erosion. In the background, the steep slopes of Penyard HUl are in 
woodland, because the land is much too steep for cultivation ^d the 
soil is too shallow for pasture. There is very little a farmer cah do to 
ameliorate the restriction these factors of topography and so^ depth 
exert on the choice of crops or their yields. 

The control which some of the odier factors exert on the ch^ce of 
crops and their yield need not be so strict as that of topography and soil 
depth. Thus shortage of water due to lack of rain can sometimes be 
made good by irrigation, and the harmful effects of too high a water- 
table in the soil, particularly if its height fluctuates too much, can be 
reduced by a suitable drainage scheme. In some areas irrigation and 
drainage involve large capital works and control over very considerable 
areas of land, and at the present time can usually only be undertaken 
by governments or with strong government backing. Hence these 
methods of reducing the dependence of cropping on environment are 
beyond the control of the individual farmer. 

The individual farmer, however, can reduce the control exerted by 
a number of factors. Thus if yields are limited by lack of plant nutrients, 
he can apply these as fertilisers; if by unfavourable tilth, he can choose 
suitable crop rotations or use adequate amounts of farmyard manure; 
if by soil acidity, he can use lime. Further, if there is an adequate 
drainage scheme for his district, he can, if necessary, improve the 
aeration of his soils by draining his fields; and if he has water available, 
he can reduce the harmful effect of short periods of drought by the use 
of supplementary irrigation. 

To conclude this chapter, it is worth emphasising an obvious point. 
A potentially fertile soil and a good climate will not of themselves ensure 
hifi^ crop yields. The potentiality of the landxan only be realised if it 
is fanned by men and women with the necessary energy, skill and 
money to make use of the resoums which arc now at their disfwsal. 
But all these resources are of only limited value to the farmer if his 
standard of farming is low. Unfortunately, one has only to compare the 
yields obtained by the best farmers with the average for that district to 
realise that the level of skill and industry of a laige part of the farming 
commtmity has now become the principal factor limiting crop yields on 
most of the agricultural soils the world. 



Conversion Factors for Units used in the Text 


Length 

I inch =2-540 cm. 

1 foot=i2 in. ==30-48 cm. 

I yard=3 ft. =91-44 cm. 

Area 

I sq. yd. =0-8361 sq. m. 

I acre=4840 sq. yd. =0-4047 hectares 

Weight 

I ounce =28-35 8®- 

I pound =16 oz. =453-6 gm. 

I hundredweight=ii2 lb. =50-80 kg. 

1 ton (2240 lb.) =20 cwt.=ioi6 kg. 

Volume » 

I gallon =4-546 litres. 

1 bushel =1-031 American bushels= 36-37 litres, 

i cubic foot=28-32 litres. 

1 lb. per acre =1-121 kg. per ha. 

1 cwt. per acre=i25-5 kg. per ha. 

1 ton per acre =2510 kg. per ha. 

1 bu. per acre =89-87 litres per ha. • 

I acre foot of water = 271 x 10® gall, and weighs 1210 tons (approx.). 
I cusec = a flow of i cubic foot of water per second 
I cusec per day (24 hours) = 1-96 acre ft. 

I part per million (p.p.m.) of salts in water= i-2i X io“® tons per acre ft. 

To convert K into KjO multiply by 1-20. 

P into PjOs multiply by 2-29. 


I bushel of wheat weiglls about 60 lbs. (27 kg.). 
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SUBJECT INDEX 


Absorption by soils, of 99 et seq. 

of gases and liquids, 120 
Acids, excreted by plant roots, 537 
Acid clays, 93 et seq. 

heat of neutralisation, 95 
Acid of humus, 272-5 
Acidity of soil, 
control of, 528-32 
due to aluminixim ions, 94 
ammonium sulphate, xi8 
effect on G/N ratio, 276 
composition of pastures, 527 
nitri^en fixation by legumes, 329 
phosphate states, 494, 504 
plant growth, 523-S 
soil population, 219 
methods of increasing, 614 
tolerance of crops to, 524 
of plant pathogens to, 526 
See also, pH of soils. 

Acrasieae, 167, 214 
Actinomycetes, in soil, 1 54 
effect of moisture content, 216 
Aeration of soil, 
effect of earthworms, 185, 187 
effect of nitrification, 302 
effect on nutrient uptake, 450 
processes involved in, 363-5 
.\ggrcgatcs in soils, see Clods, Crumb. 
AgrobacUr, 150 
Air, 

absor|5tion by soils, 129 
space in soil, 361-3 
determination of, 362 
in soil, composition of, 363-9 
supply in soil, effect on nutrient uptake, 


412,450 ^ 

.\ldcr, nitrogen fixauon by, 325 
Algae, 

effect on oxygen content of soils, 162 
nitrogen fixation fay blue-green, 163, 


number in soils, 162 
in p^ddy soils, 162, 263 
tyM of in soil, 160 
Alwi soils, types of, 598 
reclamation of, 612 * 

Alkalinity in soil, 
effect on plant growth, 532 
methods tor controlling, 534, 614 
Ailophane in soils, 80 
Alumiatuin compounds, 
movement in soil formation, 553, 5 ^ 3 ) 
57CH6, 5^ 

Alumimum hydroxide, 
forms present in soils, 79 
^^pcsidttal product <» weathering, 553* 
559i50^ 


Aluminium ions, 
cause of soil acidity, 94 et seq, 
effect on plant growth, 523 
soU pK, 109 

fixation of phosphate by 481 
reaction with hxunus, 282-5 
Amino acids, 

excretion from leguminous nodules, 226, 
34 ^ 

in humus, 270 

Amino sugars, in humus, 269 
Ammonia, 

inhibitor of nitrification, 299, 301 
level in soils. 309-1 1 
oxidation to nitrate, 296-303 
production from humus, 296 
volatilisation from soil, 31 1 
Ammonium ions, 
level in soil, 303-1 1 
oxidation to nitrate, 296-303 
production from humus, 222, 289, 304 
reversion into non-cx^angeable form, 
X14 > 

Ammonium sulphate, effect on calcium 
status of soils, 1 18 
Amoebae in soil, 164-8, 200 
giant forms, 168, 214 
Amorphous constituents in soils, 79 
Amphoteric behavnour of soil, loi 
Anaerobic respiration, 143 
Animal nutrition, trace elements in, 54 
Animals in soil, see Fauna. 

Anion-holding power of soils, 99 et seq. 
Anionic exchange, in soils, 103 ' 
Antagonism, ionic in plants, w 
Antibiotics, produced by micro-organisms, 
144,159,221,230 
effect on microbial population, 210 
for controlling plant pathogens, 230 
Ants in soils, 190-4 
Apatite, presence in soils, 486 
solubility of, 483 
structure of, 476-9 
Arbuscules, 238 
Arthropods in soil, see Fauna. 

Ash analysis, as guide to manuring, I 3 > *5 
constituents in plants, 390, 536, 563 
as affected by water supply, 390 
Atmosphere in soil, see Air. 

Autochthonous bacteria, 151 
Autotrophic organisms, definition of, 130 
Autoxidation of humus, 265, 27 
Auxins, 

in composts, 252 
as plant nutrients, 25 

Availabk: nutriente m the »oil, 407-71, 49 *» 
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AviulaUe water In soils, 
amount held, 403 et seg* 
ddinition of, 402 

effect of farmyard manure on, 405 
$alinity on, 460-1, 604 
validity of concept, 402 
Availability of nutrients in soils, 467-71 
Azonal soils, 565 
AzotobacUr, 321 

conditions for effective nitrogen fixation, 

323 

excretion of nitrogen compounds by, 

. 323. . 

moculation mto soil, 227 
in rhizosphere, 227 

Bacillui Tadkicola, see Nodule bacteria. 
Bacteria and plant nutrition, 22 
Bacteria in soils, 

ammonium and nitrite oxidisers, 297 
et seq, 

autochthonous population, 151 
cellulose dccompo^rs, 254, 569 
common soil types, 150 
decomposition of toxic substances, 207 
effect of farmyard manure on, 151, 203 
moisture content on, 216 
protozoa on, 165, 214 
temperature on, 217/ 219 
eflTect on soil structure, 433 
crop yields, 204-5 
as efficient utilisers of sugars, 151 
as food of protozoa, 214 
gum production by, 254 
morphology of, 149 
nitrogen Nation by, 321 et seg, 
numbers in, 145, 153 
nutritional groups, 148 
oxidations and reductions brought about 
by, *139, 208-10 
size of colonics, 198 
zymogenous*population, 151 
See also, Micro-organisms. 

Bacteria, nitrogen-fixing, 321 et seq, 
inoculation into soils, 227 
Bacteriophages, 153 
attacking nodule bacteria, 342 
Bamheld, yield of mangolds on, 40 
Barrandite, constitution of, 479 
Base exchange, see Cation exchange. 

Bases, leaching from soil, 555, 576 
Basic slag, 

movement in soils, 502 
value as fertiliser, 498 
Beans, 

effect on foUowing crop, 541-2 
need of boron by, 53 
Beetle larvae in soils, 1 73-8, 189 
Beidellite, 88 
Btijmmkm, 321, 327 

Biochemical changes brought about in soils, 
205-10 

Black cotton soils, 2B7 
flowing of soils, see Erosion, wind. 


Boron, as plant nutrient, 53 
Bravaisite, see lllite. 

Broadbalk, 

available water in soil, 405 
effect of fallowing on yield, 520 
fertilisers cm potassium uptake, 123 
nitrogen fertilisers on yield, 31-2, 59 
energy dissipated in annually, 202 
exchangeable bases in soil, 122 
losses of nitrogen from, 315 
microbial population in, 200, 202-3 
nitrates in, 303, 308 
nitrogen content of plots, 294 
soil fauna in, x 74-5 
variability of wheat yields, 417 
Broadbalk Wilderness, gain in nitroden, 318 
Brown earth, 577 \ 

on hill slopes, 594 
Brown forest soil, 577 
Brucite, structure of, 82 
Buffer curves for soils, 92-7, 99-101 
Burrowing animals in soils, 172, 196 


Calcareous soils, 

control of chlorosis on, 49 
effect of CO, on pVL of, 1 06 et seq. 
Calcium, 

amount removed in rivers, 555 
taken up by crops, 29, 536, 563 
available compounds in soil, 515 
complexes with clay and humus, 186 
cxcdiangeable, effect on C/N ratio, 278 
Calcium and plant growth, 41 
calcium-potassium ratio, 66 
dehcicncy in acid soils, 523-4 
alkali soils, 612 
Calcium carbonate in soils, 
deposition a.s pan, 582 
effect on clarifying drainage water, 41a, 


434 

formation of apatite on, 476 
pH, 106 et seq., 529-30 
soil structure and tilth, 134, 434 
uptake of nutrients by plants, 533 
rate of leaching from, 531 
removal by ammonium sulphate, 1 1 9 
See also. Liming of soils. 

Calcium hydroxide potential in soil, no 
Calcium oxide, as liming material, 530 
Calcium phosphate in soils, 
constitution of, 476 
formation of, 477 
’ potential, 483 

presence of, 485, 488 
solubility of, 483 

Calcium sulphate, value on alkali sous, 
6x4-16 
Caliche, ^2 

Calorie, definition of, 139 
Capillary, 
conductivity, 302 

fringe, 4x0 , 

movement of water in soils, 379 
408 
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Capillaries in soil, sh Pore space. 
Carbohydrate level in plants, 
effect on root development, 451 
Carbon dioxide concentration in soils 

365-9 , 

control of, 370-1, 533 
effect on pH of calcareousisoils, 106 
root development, 449 
Carbon dioxide production in soils, 363 
effect of leguminous plants, 331 
microbial population, 203, 225 
soil fauna, 179 
Carbonic acid, 

as extractor of plant nutrients, 468 
weathering by, 552 
Carbon>nitrogen ratio, 
in soil, 276^0 
effect of earthworms on, 171 
Catena, 595 
Cation exchange, 
between roots and soil, 460 
discovery of, 92 
quantitative laws, X14 seq, 
reversibility of, 114 
in very dilute solutions, 1 1 7 
Cation exchange capacity, 
definition of, 98 
effect of heavy metals, 98 
of sands and silts, 98 
Cations, exchangeable, 
complex cations, 1 12 
and composition of crop, 463 
effect of fertilisers on, 118 seq. 
irrigation water on, 612 
on crumb formation, 1 32-4, 440-1 
water absorption by clays, 1 28 
as source of plant nutrients, 467, 469-70 
tightness of binding to clays, ui et seq. 
Cations in plant tissues, 
as affected by soil composition, 66, 463 
function of, 65 
total concentration, 27-8 


Clay— 

definition of as textural fraction, 71 
ettect on soil structure, 439-41 
fo^l— and defl<^ation, 130 et seq, 

formation in soils, 556, 581 ^ 

fraction in soils, mechanical analysis of. 70 
interaction with water, i2^etseq, 
minerals, constitution, 82 et seq, 
negative charge on, 89, 95 
pans, 591-3, 595 
particles, 

area occupied by each negative charge, 

double layer around, 99, 104, 125 
interaction with water, 125 et seq. 
shajpc and size, 78 
surface area, 129 
pastes, thixotropy in, 131 
as weathering agent, 552 
Clay minerals, 
charge on broken edges, 90 
fixation of potassium by, 87 
inter-stratification in, 88 
occurrence in different soil types, 

571.580-1,587,596 

particle size of, 78 
/)H-dcpendent charge, 90 
Clay soils, 
definition, 74 * 

effects of cracking in, 371, 411, 425 
management of, 650 et seq. 

Climate, effect on clay formation, 557 
Clods, 

classification of shape, 426 
formation in clays, 132 
structure of, 428 
ChstridiQy 321, 323 
Clover, 

amount of nitrc^cn fixed by, 35 j 
effect on following crop, 540-3 
sickness, 539 

Cobalt, need of for ruminants, 55 


CfDulosans, composition of, 241 
f rllulosc, 

composition of, 241 
decomposition of, in soib, 243-4, ^54 
Crreals, effect of nitrogen on, 31 
Oirmosynthetic miao-organisms, 139 
Chernozem, 578 
Chestnut soil, 582 
Ciiloridcs, 

amount in rain-water, 46 
« ontent of crops, 29, 536 
effect on plant growth, 45, 603 
Chlorite, 88 

Chlorosis, limc-induccd, 48 

Clay, 

absorption of gases and liquids by, 128 
a* id, buffer curve of, 93 ei seq, 
as extractor of plant nutrients, 469-71 
aniunic absorption, 99 ei seq, 
comi^cxcs with humus 285-8 
cruml^ and clods, properties of, 132 
et seq. 


(k)ilcmboIa in soil, 174-8, 189 
Colour of soil, 

effect on surface temperature, 355 
of temperature in reddening, 582 
Combine-drilling, crop response to, 474 
Competition between plants, 527, 545-8 
Compost, 243 et seq. 
auxin content of, 252 
effect on crop yield, 251 
CKinsistcncy of soils, 74, 132 
Contact exchange, in nutrient uptake, 469 
Continuous cropping, harmful effects of, 539 
Copper, 

amount removed by crops, 40 
nutrition of animals, 55 
as plant nutrient, 5* ^ „ 

Clipper ions, adsorption by humus, 283 
CmyMbacteria, 149 
Cover crops, value of, 549 
Cracks in soil, 
classification of, 425 
effect on aeration, 371 



1N0EX 



/ to use iosolidble phopphata^ 500 
deptHi fiw whidi they take water, 983, 
406-8, 4^ 

effect on mtrihcatiox^ 307-8 
soil atmosphere, 306 
foil sdution, 466 
their fuccesfors, 538 4 t stq* 
wireworms, 537 

growth, effects ch, soluble salts, 400, 603-7 
water shorts^, 387 


relation to nutrient supply, 57 
growth I 


rate of water use during , 


period. 


. 394-7 

tolerance to acidity, 524 
alkalinity and saUnity, 606-7 
phosphate shortage, 51 x 
St$ aiso, Rotation of crops, Nutrients, 
Plants. 

Grotovina, 172, 196 
Crumb, 

formation, 132-4, 439-46 
optimum rize for crops, 424 
water stability, 133, 427 
Cultivation of soils, 

eHect on humus and nitrogen content. 


292, 317 

moisture, content, 385 
soil structure, 432-4 
general principles, 632-7 
stubble mulch or trash, 625, 634 


Deflocculation, 

of clay i^tes and suspensions, 1 30 et seq. 
in ali^ soils, 598, 612-18 
Denitrification, 311-17 
Desert soil, 582 
Diflusion of gases in soil, 364 
Double layer, ste Electric double layer. 
X)rainage of jens, effect on oxidation of, 292 
Drainage of soils, 410-13 
controlled viscosity of water, 379 
delayed drainage, 379 
effect of temperature on rate and amount, 
380 

eflTect on aeration, 370 
crop development, 4x2 
crumb stalniity, 41 1 
frost heaving, 4x3 

Impeded, effect on soil formation, 586-90 
methods for effecting, 41 1 , 

Drainage water, cennposition of, 555 
Dredge com, 5^ 

Drifting of soil, see Erosion, wind. 

Droi^t, effect on plant growth, 387-8 
reristance of crops, 
effect of fallowing on, 420 
increasing row width, 421 
Dry ffuming, 4x7-22 
use of fertUisers and manures in, 421 
rotationi in, 422 
dangers of Ktoeme, 422 
variability of wheat yields, 4x7 


^Dryitlg a soil, affect 00 fotiffty, 292- 
Dim,'Sis Mtar. 


Earthworms in soil: 
effect (ff pH on, 183 
effect on OfU ratio, 171 
humus p^uction, 566-9 
soil aeration and structure, 185, 37 1 , 442 
soil fertility, 187 
numbers and weight, 174-7, 184 
species and their habits, 181-2 
soil conditions required for flourbhing, 

183 / 

Earthworm burrows, number per ifcre, 185 
See also, Wormcasts. 

Edelmist process, 245 
Eelworms, ste Nematodes. 

Electric double layer, 
effect of thickness on pH, 104 
interpretation, ^,102 \ 

round clay particles, 99, 104 125 et seq, 
Enchytraeid worms, 176, 180 
Energy, 

balance in soils, 354-5, 393-7 
dissipated by decomposition of farmyard 
manure, 202 

Equivalent diameters of soil particles, 72 
Erosion, 
water, 626-31 
wind, 621-6 

Evaporation from bare soil, 383-6 
effect of hoeing, 385 
mulches, 639 
salts, 386 

at Rothamsted, 396 
Exchange acidity, 94 

Exchange capacity, see Cation exchange 
capacity. 

Exchangeable bases, sse Cations, cxcliangc- 
ablc. 

Exchangeable cations, see Cations, ex- 
changeable. 

Excretions, 

of micro-organisms, 144 
from plant roots, 29, 226, 334, 338, 349, 
471, 500 


Fallow, 

as accumulator of nitrates, 304-7 
conditions for water storage by, 41 9"^* 
nitrate rtorage by, 306, 543 
water stor^ by, effect or ramfaU ou- 
tribution, 386 

weeds in, effect on nitrates, 304 
Farmyard manure, 
effect on availame water, 405 
composition of aoxl atmwphere, 3 ' 
mkmbialpopulatioxs, X 47 t 
nitrogen content of ml, 99 S ”'3 
soil fiiiina, 174-5 # 

soil itnicture, 435 , 

iisteractioii with otner nutrients, 02 
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Farmyard xnMnvt&^onidi 
Ibss of nitrogen fitmi, when applied to 
soils, 315 

xnanurial value, 35, 48, 62, 521 
use in dry farming, 421 
Fauna in soil, 169-^ ^ 

as alternative hosts to parasites, 1 72 
as cellulose decomposers, 254 
as producers of humus, 1 70 
effect of farmyard manure, 174--5 
' mull and mor, 1 76 
effect on crops grown, 537 
humus formation, 172, 567 
microbial population, 214 
soil propemes, 171 
families present, 1 73 
food supply, 169 

numbers and weight, 173-8, 184, 188 
rate of respiration, 176 
Fen, fail in level due to drainage, 292 
Ferrallite, 560 
Fertilisers, 

effect on exchangeable bases, 1 18 seq. 
nitrogen content of soil, 294 
weeds, 547-8, 636 

need for water supply for effectiveness, 
64 

ploughing in of, 473, 633 
Fertiliser placement, 
crop response to, 472-4 
effect on root development, 452 
fertility in soil, 

effect of bacterial numbers on, 204 
heating on, 222 
factors controlling, 643 it seq* 

Field capacity, 381 
Flagellates in soil, sa Protozoa. 

Flocculation of day pastes and suspensions, 
1^0 it sig. 

effect on soil swelling, 134 
Fkxxiing of soil by sca-watcr, 617-19 
Fluctuations in numbers of micro«organisms, 
153> 

Fluor-apatitc, see Apatite and Rock phos- 
phate. 

Folding of dieep on land, 649 
Forest soib^ 56^78 
distribution of humus in, 291 
fauna in, 176 
Irost penetration into, 357 
nitrincation in, 310 
energy of soil water, 373, 400 
effect on plant growth, 400 
frost, 

effect on soil structure, 433 
penetration into soil, effect of vegetation, 


357 

radiation, effect of imildies and vegetatio 

add, 268, 272 
. composition, 269 
>^i<l8oik, 15^ 

assodatkm with plant roots, 22B W ss 
^ecompcnitkns txroug^t about 253 
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Fungi in soils’-^oaili/. 
direct observation of, 155 
eTOlogi<^ dassification, 158, 228 et sea. 
effect of 6H, 159, 219 
partial sterilisation, 221 
soil conditions, 200, 219 
effect on crumb structure, 443 
as efficient utilisers of carbohydrates, 

157 

excretions of organic adds by, 144, 

families present, 156 
M food of bacteria, 212 
inoculation potential of, 229 
lignin decomposition and production bv 
159. 254 

numbers present^ 200, 203 
nutrition, 157 

production of antibiotics, 159, 210 
role in mor formation, 568 
root disease fungi, 22^32 
See alsoy Mycorrhiza, Rhizosphcrc popula- 
tion, Take-all. 


Gas production in anaerobic conditions, 14.2. 
Gaseous exchange ia soil, processes involved, 

^ 364 

Gases, absorption by clays and soils, 128 
Gastcropods, 174-6, 195 
Gel formation in clays, 131 
Gibbsitc, structure of, 82 
Glei or Glcy, 587 

Glu^ronic acid, composition of, 241 
Grain, effect of water supply on composition, 
390 

Grain-straw ratio, 

effect of nitrogen manuring on, ^2-3 
water supply on, 388-9 
Grass, ^ 

effect on frost hazard, 356 
frost penetration in soil, 357 
gang mowing of, for orcharch, 641 
Grass-clover mixtures, nitrogen traxkference, 
350-1 
Grass roots, 

effect on humus content, 291, 578 
soil structure produced by, 437, 444 
See alsOf Leys, Pastures. 

Grassland soils, 578-83 
» carbon dioxide in air, 366 

distribution of organic matter in, 291, 

578 . - 

effect of gang mowing, 185 
nitrification in, 309 
nitrogen fixation in, 319 
number of artliropods in, 1 *jo 
Green manuring, 
conditions for success, 257 
for control of root rots, 231 
effect on composition of soil air, 360 
humus content, 255, 290 
nutrient availability, 259 
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Green manuring — contd, 
effect on soil structure, 436 
effect of maturity of crop, 256 
nitrogen supplied by, 258 
for reclamation of alkali soil, 61 7 
in the tropics, 261 
in water-logged soils, 261-3 
Ground-water, 

effect of depth on crop growth, 410 
effect on soil formation, 560, 58^94 
minimum depths in irrigated agriculture 
414, 609 

Growth factors and plant growth, 255 
Gypsum, use on alkali soils, 615-16 


Haemoglobin, 

in legume nodules, 328 
Halloysitc, structure of, 84, 89 
negative charge on, 89 
Hard pan, see Pan. 

Heat balance, of soil, 354 
Pleat of neutralization of acid soils, 95 
Heat of wetting of soils, 125, 128 
Heating of soil, effect on fertility, 222-3 
Heaviness of soils, 74 

Hemicellulose, see Cellulosans and Poly- 
uronides. < 

Herbicides, decomposition in soils, 208 
Hctcrotrophic organisms, definition of, 138 
Hoeing, 

of crops, 370, 635-6 
effect on rale of evaporation, 3B5 
Humic acid, 

base exchange capacity, 284 
buffer curves, 272, 284-5 
composition of, 269, 273 
definition, 268 

production from lignin, 274-6 
Humin, 268 
Humus, ' 

base exchange capacity, 282-5 
bonding to soil panicles, 

through metallic cations, 265, 270 
through silica films, 266, 286 
complex formed with clay, 285-8 
composition, 268 et seq, 
fractionation, 267 
nitrogen compounds in, 270 
polyphenols in, 271 
polyuronides in, 269 
reaction with metallic cations, 282 -5 
separation from soil particles, 264-6 
types on forest floor, 566-9 
Humus in soils, 
decomposition, 288-95 
distribution in forest and prairie soils, 
291 

effect of adding decomposable material, 
259,290 
drainage, 292 

drying and heating, 222-3, 2*'»9 
fannyard manure, 293-5 
effect on soil structure, 435, 441 


Humus in soils — contd, 

factors controlling level, 290-5 
formation, acidity produced during, 121 
nitrogen content, increase with depth, 
279-80 

production bv soil fauna, 170-2, 269 
See also, Fulvic acid, Humic acid, Mull, 
Mor. 

“Hydrogen** clay, 

really aluminium clay, 94 
instability of, 97 
preparation of true H-clay, 96 
Hydrogen gas, production by bacteria, 262 
Hydrogen ions, exchangeable, in ^lays, 95 
See also, Acidity of soil, />H of ^ils. 
Hydrogen sulphide, \ 

production by bacteria, 209, 510 
toxic to plant roots, 450 
Hydroxyapatite, see Apatite. 

Hydroxyl ions, effect on plant growtl), 423, 

532 . ; 

Hydroxy lamina, as; an intermediate in nitri- 
fication, 299 
Hygroscopic water, 373 
Hyponitrites, as an intermediate in nitri- 
fication, 299 

Hysteresis, in suction curve, 375 et seq. 


Igneous rocks, minerals composing, 77 
lUite, 87 

formation of in soils, 556 
negative charge on, 89 
Impeded drainage, efl'ect on soil forma tiem, 
561, 586-90 

Infiltration rate into soils, 378 
Inoculation of soils with Azotobaeter, 227 
with nodule bacteria, 339 et seq. 
Inoculation potential of fungi, 229 
Inositol in humus, 281 
Insects in soil, see Fauna. 

Interaction of nutrients, 61 et seq. 

Intrazonal soils, 565 

Ionic antagonism in plants, 66 

Ions, radii of, 85 

Iron, 

in drainage water, 555 
induced deficiency, 49 
movement in podsols, 570-6 
pan, 560, 571, 588, 593 
as plant nutrient, 48 
reauctirm of ferric to ferrous, 5B7 
Iron hydroxides and oxides, 
cause of anion-holding power of soils. 
colours of, 80 
forms present in soil, 79 
formation in soils, 80 
phosphate retention by, 481, 487-B. > 

removal from soils, 79 
solution in silica gels, 81 
Irrigated soils, ^ 

control of salts in, 607-12 
management of, 413-16, 603 el seq- 
See also, Alkali soils, Saline soils. Salt ;- 
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Irrigation water, 

amount of water to use, 390, 394-7, 415 
effect of amount used on crop composition 

390 ^ _ 

effect on carbon dioxide concentration 
in soil air, 370 

permitted sodium concentration in, 612 
salt concentration in, 603-7 
Isoelectric point of soils, loi 
Isoelectric weathering, Mattson’s theory, 575 
Isomorphous replacement in clays, 84 
Isopods, see Woodlice. 


limestone, effect of fineness of grinding s,. 
Limiting factors in plant nutrition, 57 ® 

i^iquids, absorption in soil pores* 1 28 
Loam soils, definition, 74 
Loess, size of particles in, 623 
Lucerne, 


as improver of soil structure, 438 
danger in dry farming rotations, 422 
residual effect, at Woburn, 543 
See also. Leguminous plants. 

Lupins, ability to use unavailable phosphate 

r nn r i 


Kankar, 582 
Kaolinitc, 

conditions for formation, 556 
rK‘gative charge on, 89 
positive charge on, 90 
structure of, 83 


Laterite, 

See also, Tropical soils. 

Latosol, 560 
Leaves, 

cation composition and constancy, 27-8, 

463 . 

composition of, as reflecting soil conditions, 
390, 460-4 

turgid, as open water surface, 395 
Leguminous crops, association ^v^th non- 
legume, 346-5 L 5*1 ^^-50 
Leguminous plants, 

amount of nitrogen fixed by, 343 e/ seq, 
cHect on soil nitrogen, 346 
inoculation of soils for, 339 el seq, 
mycorrhiza on, 237 
tiitrogcn excretion by, 348 
response to nitrogen fertilisers, 344-5 
transference of nitrogen to non-lcgurnes, 

348-.')' 

See also, Nodules, Nodule bacteria. 

I -evs, 

eflect on soil structure, 437, 445 
following crop, 542--3 
nitrogen transference, 35^^ 

Str Grass, Grassland soils. 
hK big's Law of the Minimum, 57, 61 
1‘ tniin, 

< omposition of, 242 
d< < <>rnposition of, 244 

omposition by fungi, 159 
precursor of hurnus, 274 et seq. 

Lmio induced clilorosis, 48 
^ nne i^ncntial in soils, 1 10 
b«nie requirement of soils, 528 et seq, 
bn fling of soils, 

'’ nigcrs of over-liming, 533 
' fb a on phosphate status, 504 
Innijfg factor, 529 
ing materials, ^>30 
also. Calcium carbonate in soils. 


Magnesium, 

amount taken up by crops, 53G 
deficiency, induced by potassium manur- 
ing, 42, 66, 463 

exchangeable, causing solonctz soils, 600 
nutrition of plants, 42 
Magnesium sulphate, effect on composition 
of wheat crop, 123 
Mammals, soil-inhabiting, 196 
Management of soils, 
clay soils. 650-4 

irrigated soils, 413-16, 603 ei seq, 
sandy soils, 649-50 
tropical soils, 654-7 
Manganese, 

amount removed by crops, 46 
availability of soil forms, 516 
deficiency in crops, due' to rhizospherc 
bacteria, 227 

effect on nitrogen metabolism, 50 
ions, absorption by humus, 283 
in iron pans, 593 
a*s plant nutrient, 49 
toxicity in acid soils, 50, 523-4 
Manuring, effect on quality of Crops, 25, 
26 

Manure, ^ee Compost, Farmyard manure. 
Masliu, 546 

Mechanical analysis, of soils, 69 ei seq. 
Meio-fauna, sec Meso-fauna. 

Melknvness, of tilth, 134, 423 
Meso-fauna, 171, 174-8, 189 
Metallo-organic complexes, 282-5 
Methane, formation m soils, 143, 262 
Mica, hydrous, sec I Hite. 

Micaceous clays, structure of, 83, 86 
Micro-organisms in soil, 

aerobic and anaerobic, 142-3 
antibiotic relations, 210-14 
autochthonous, 151 
autotrophic, 138 

biochemical changes brought about, 143, 
205-10 

chemosynthctic, 139 
cla.ssitiration of, 135 ^ 
direct examination in soil, 136-8, 190 
distribution in soil, 197 
ecology of, 197 ef seq. 
effect of added organic matter, 199 
fauna, 214 
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Micro*orgam$m$ — cmtd, 
dTcct of food supply, aoi 
availability of phosphate, 225 
partial sterilisation, 221 
soil conditions, 215-20 
energy dissipated by, 202 
excretions of, 143 
hetcro trophic, 140 
measurement of' activity, 203 
nutrition of, 1 38-42 
photosynthetic, 139 
respiration, 142-3 
rate of, 203 

symbiotic relations, 210-14 
weight of, 200 
zymogenous, 151 

See also, Acrasieae, Actinomycctes, Arnoe- 
bae, Bacteria, Fungi, Protozoa, 
Rhizosphere population. 
Micro-structure of soil, 429 
Millepedes, 171, 194-5 
Minerals, 
comp>osition of, 75 
in clay fraction, 78, 88 
in igneous rocks, 77 
resistance to weathering, 553 
in sand and silt fraction, 75 
Mineral soils, minimum of, 109 
Minimum, Law of, Liebig, 57, 61 
Minor elements in plant and animal nutri- 
tion, see Trace elements. 

Mites in soil, 170, 174-8 
Mitscherlidi’s equation, Go 
Mixed cropping, 349, 546-50 
nitrogen economy of, 349 
Moisture-characteristic curve for soils, 427 
Moisture content of soil, 

effect on microbial population, 2 1 6 
See also, IVater in soil. 

Molybdenum, 
excess in paaiures, 55 
in leguminous nodules, 330-2 
and nitrate metabolism, 52 
and nitrogen fixation, 52, 323, 330 
as plant nutrient, 52 
Mon tmorilloni te, 
charge density on surface, 1 1 1 
conditions for formation, 556 
preparation of H-ciay, 96 
reaction with humus, 287 
size of particles, 90 
stmeture of crystal, 87 
suggested method to di.stinguii>h from 
bcidcllite, 88 
titration curve, 95 
Mor, 566-9 
fauna in, 176 
nitrification in, 3x1 
Mucilage, 

microbial, effect on aoD structure, 442-4 
Mulches, 638-4 1 

effect on available potassium, 640 
frost hazard, 357 
soil structure, 437 


Mulches — contd, 

protection against water erosion, 629 
wind erosion, 625 

value in tropical climates, 638-42, 654-5 
Mull, 566-9 
fauna in, 1 76 
“insect”, 567 * 
nitrates in, 31 1 
soils, 577 

Muscovite, structure of, 86 
Mycorrhiza, 
cciotrophic, 232-7 
endotrophic, 237-9 
harmful effects of, 238 
vesicular-arbuscular, 238 
Myriapods in soils, see Millepedes. 
Myxamoebac, 167, 214 
Myxobaclcria, 151, 153, 214 


Negative adsorption, 127 
Nematodes in soil, 1 79-80, 1 74-5 
Nitrates in soils, 

accumulation in fallow soils, 304-7 
eff ect of crops, 303-1 1 
mulches, 307, 639-40 
effect on nitrogen lixation, 324, 337 
nodule formation, 337 
level, 303-11, 519 
loss by leaching, 306, 314-16 
production from nitrites, 299 
by fallow'ing, 519-20 
reduction of, 312 
storage in subsoil, 306, 519-20 
Nitrification in soil, 19, 2^ et seq. 
biochemistry of, 299 
chemical inhibitors, 206, 299-300 
effect of drying, 222 
mofsturc content, 217-18, 302 
organisms responsible, 297 
oxygen content, 300 
pH, 220, 301-2, 310 
temperature, 302 
urine patches, 301 
Nitrite accumulation in soils, 301 
production and oxidation, 297-30 x 
Nitrohacter, 298 
Nitrogen, 

com[)Ounds in humus, 270 
factor in decomposition, 247 
in rain-water, 319 

« immobilisation during decomposition of 
straw, 245-Q 

manuring of paddy soils, 263 
Nitrogen and plants, 

amount taken up by crops, 1 1, 29, 53!^, 
cwitcnt of grain, crfcct of w'atcr supph- 

390 

effect on leaf structure, 31 
plant growth, 30^ 
excretion by Ic^piminoua plants, 348 
statistics of various rotations, 11 • 

Nitrogen fertilisers, 
crop response to, 35, 58 
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Nitrogen fertilisers — eontd. 
effect of plant spacing on response to, 65 
effect on composition of crop, 34 
grain-straw ratio, 33 
proportion taken up by crop, 36 
Nitrogen fixation in soils, 317 e/ seq, 
amounts fixed by crops, ^43 et seq* 
in pastures and woodlands, 318-19 
bacteria, 320-5 
blue-green algae, 163, 322-3 
chemistry of process, 323, 328-9 
conditions favouring, 320 
legumes, 3?7~5* 
non-leguminous plants, 325-7 
Nitrogen losses from soils, 311-17 
as gas, 312-14 
by breaking up prairie, 3x7 
effect of farmyard manure, 315 
high nitrogen manuring, 316 
Nitrogen in soil, 

available, effect of plant decomposition, 

257 

green manures, 257 
balance sheet, 315-16 
effect of legumes on, 346 
level in grassland soils, 319 
Ni irosomonas , 2 98 

Nitrous oxide, production in soils, 312-14 
Nodules, 

effect of cluirroal on, 338 
formation and morphology, 334-9 
longevity of, 339 
molybdenum cemtent of, 330 
need of boron, 53, 329 
nitrogen fixed per gram, 331 
numbers on roots, 337, 343 
requirem<‘nts for nitrogen fixation, 329-32 
weight ixT plant, 343 
Nixiulc bacteria, 
barleriophages of, 342 
“bactcroids’* as nitrogen fixers, 336 
com|>etition between strains, 342 
cross-inoculation groups, 333 
discovery of, 21 

effective and ineffective strains, 336 et seq. 
crowth requirements, 332 
uj^-tculation into soils, 339 et seq, 

^'ugih of life in soil, 341 
' recifs of, 333 

rt f rystallinc mineral components of soils, 

,,, 79 

jyjiUronite, 88 , 

Nucleic acids in humus, 281 

Nutrients, 

amounts taken up by crops, 536 
annual circulation, 563 
excretion by plants, 29, 460, 471 
interaction between, 61-7, 462 
list of, 24 

F>eriods of uptake by plants, 28 
quantitative relation between supply and 
.leaf composition, 34, 461-4 
quantitative relation between supply and 
plant growth, 57-61 


Nutrients— 
rate of tr^location in plants, 460 
uptake, through contact exchange, 460 
mechanism of, 459 ^ ^ ^ 

role of acid clays, 460-70 
from dry soil, 449 


Opal in soils, 81 

Ophiobolus graminis, see Take-all. 

Orchards, value of cover crops in, 533, 549, 

U^I 

Organic matter in soils, see Humus. 
Osmotic pressure of soil solution, 
effect on plant growth, 400, 604-7 
wilting range, 400 
value in normal soils, 466 
Over-liming, 

danger from, 105, 533, 650 
Oxygen, 

amount dissolved in rain-water, 364 
consumption by soil fauna, 17G 
mtc of uptake by soils, 362 
in soil air, 365-70 

supply, effect on root development, 450 
in swamp soils, 263 
See alsoy Aeration oi soil, Air. 


Paddy soils, 
aeration in, 262-3 

decomposition of plant residues in, 262 
nitrogen manuring of, 263 
Pan, 

calcium carbonate, 582 
clay, 580, 591 
iron, 56 1. 571, 593 
silica, 591 

Partial sterilisation in soil, 220-2 

effect on available manganese, 221, 517 
Pastures, 

effect of soil acidity on botanical com- 
position of, 527 
phosphate supply, 652 
See ahn, Grass, Grassland soils. 

Pathogenic micro-organisms in soil, 

control by soil micro-organisms, 180, 
212-14, 230 

effect of soil acidity on, 526 
Peat formation, 589 
Peat soils, 

depth of ground- water in, 410 
need for copper manuring, 52 
shrinkage on cultivation, 292 
Pclotons, 238 

Permeability of soil, 378 et seq. 
effect of mulch, 629, 639 
methods of increasing in alkali soils, 615-17 
pY scale, 373 
pH of soils, 

consequences of diffuse double layer on its 
definition, 104 

effect of CO, concentration on, 106 et seq* 
moisture content, 104 
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pH of soils — contd, 

effect of ratio law, 1 15 
reducing conditions, 106 
salts, 104 

effect on earthworms, 183 
microbial population, 219 
nitrification, 220, 301-2 
factors affecting, 103 et seq, 
its measurement in CaClf, 105 
See also. Acidity of soil. 

Phosphate ions, 

proportion present as H2p04~, 491 
Phosphates in soils, 

aluminium and iron phosphates, 479, 487 
calcium phosphates, 476-9, 483, 486 
fractionation of, 487-9 
isotopically exchangeable, see labile, 
labile, 482, 489, 495, 508 
loss from gley soils, 403, 587-8 
movement in, 477, 500-3 
in organic matter, 280, 475, 492, 49G 
phosphate potential, 483-(i, 491 
See also. Apatite, Strengitc, I'aranakitc atnl 
Variscite. 

Phosphates av ailable in soils, 

A-value, 495, 503 
definition of, 492 

derived from organic phosphates, 496 
determination of, 493-Ai 
HaP04~ compared \vith HPO4 — , 40 1 
measured by labile pool, 495, 50b 
phosphate potential, 491, 507 
methods for increasing, 

adding soluble silicates, 45, 480 
green manuring, 259 
liming, 504 
mycorrhiza, 235-7 
rhizosphere population, 227 
relative jpower of plants to use unavailable, 
500,511 

Phosphates in soil solution, 
ability of plants to use, 490 
ionic concentration, 465, 489 
organic phosphates in, 492 
Phosphate sorption by soils, 

through aluminium and iron com[>ounds, 
481, 488 

through calcium ions, 481 
exchangeability of sori>ed ions, if>3, 480 
follows I^angmuir’s equation, 486 
Phosphatic fertilisers, 

availability in acid soils, 499 
conversion to organic phosphates, 1 2 1 , 

dicalcium phosphate, 476, 484, 498 
fixation in soils, 506 
high temperature phosphates, 497-9 
importance of water-solubility, 499, 504 
proportion used by crof>s, 503-5 
residual effects of, 505-1 1 
reversion in soils, 505, 510 
water- insoluble, 

ability of difTcrent crops to use, 499 
conditions for efficient ust;, 499, 504, 510 


Phosphatic fertilisers — contd. 
water-soluble, 
as quick-acting, 504, 506 
value of combine drilling 472-4, 500, 
504, 506 

See also, Basic slag, Rock phosphate, 
Superphesphate. 

Phosphorus as plant nutrient, 36-8 
amount taken up by crops, 28-9, 536 
effect on composition of plant, 461 
requirements of crops, 508-1 1 
Photosynthetic micro-organisms, 139 
Physiological acidity, 535 
Phytin in humus, 280 
Pine in sheep, 56 ! 

Plants, interactions between several growing 
together, 349, 457, 545-50 \ 

See also. Crops, Roots. 

Plant residues, decomposition of, 242 et seq. 
effect of maturity of crop, 255 
nitrogen supply, 245-50 
temperature, 245 

under anaerobic conditions, 261-3 
Plating technique, 

for studying soil micro-organisms, 137, 

H5"7 ^ 

Plough, 

value and limitations of, 632-5 
value of deep ploughing, 633 
Podsols, 

formation of B horizon, 571-5 
in humid tropics, 5B5 
process of, 569-77 
rate of, 576 

removal of constituents during, 575-6 
role of organic acids in, 574 
humus jxxisol, 590 
profile, of, 538, 569-71, 5%“ 92 
polyphf’nols in humus, 271 
Polyuronides, 
in soil. 269 

soil structure produced bv, 444 
Pore size distribution in soils, 376 
Pore space, geometry of, 69 

effect of cultivation operations, 377 
Positive c harges in clay particles, rnaskui^ 
due to diff use double layers, 99, i 
Potas-sium, 

available compounds in .soils, 512-15 
effect of mulches on uptake by plants. 
(>40-1 

estimation of availability in soils, 51*' 
fixation by day minerals, 87, 113 
ions, reversion into non-exchangc^bn 

form, 113 

manuring on calcareous soils, 66 
movement in soils, 472 ^ . 

potential in soil, relative to the caauini 
1 18 

use of non-exchangeable, by crops, 
Potassium as plant nutrient, 

amount taken up by crops, 29, 534 
effect of fertilisers on uptake by < 
123 
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Potassium as plant nutrient — contd, 
effect on plant growth, 38-41 
potassium-calcium ratio, 66 
Potassium sulphate, effect on exchangeable 
bases, 122 

Potatoes, need for farmyard manure, 62-3 
Prairie soils, 578-83 ^ 

distribution of humus in, 291, 578 
loss of nitrogen from due to cultivation, 
292, 317 

relation between rainfall and root develop- 
* ment in, 452 
Prairie soils, see Grassland soils. 

Proteins, 

as exchangeable cations, 1 1 1 
in humus, 270, 275 
Protozoa in soils, 

effect of farmyard manure on, 166, 202 
soil pores on size, 200 
effect on bacteria, 165, 214 
food of, 165 
numbers, 166 
types of, 164 
weight of in soil, 200 
See alsOf Acrasieae. 
f>v of soil particles, definition of, 73 
|Pyrophylliie, structure of, 83 


f hiality of crop as affected by ntanur 
25, 2b 

)uarl 7 , in sand fractions, 77 


.adiation, solar, amount received at 
Rothamsted, 353 
aindrops, energy in falling, 629 
fiinfall, nitrogen in, 319 
effect on nitrogen conient of grain, 391 
ain-watcr, 
chlorine in, 46 
oxygen dissolved in, 364 
atio law, 1 14 
as it affects soil 115 
limitation of validity, 1 15 
bw humus, see Mor. 
clamation, 

>>f alkali soils, 612-17 
soils damaged by sca-watcr, 617-19 
■^piration, 

•1 legume nodules, 331 
'•rocess of, 1 42-3 
r soil fauna, 1 76 
soil organisms, 1 76 

t ie aboy Carbon dioxide. 

'(Mum, see Nodule bacteria, 
vospbcrc population, 224-8 
i'Xi on manganese supply, 227 
phosphate supply, 227 
I ngi in, 228 
> roifi, see Paddy soils, 
water, composition of, 555, 610 


Rotfc, weathering of, 551 et seq. 

Koefc phosphates, constitution of, 476 
value as fertiliser, 499, jjo, 652 
oee alsoy Apatite. 

Rolling, of soils, 637 
Roots, 

ability to use insoluble phosphates, 500 

association with fungi, 228-39 

See alsoy Mycorrhiza, Rhizosphere popula- 

effect of salts on, 604 
effect on soil structure, 437, 444 
factors affecting rate of development 
448-57 

uptake of nutrients by, 459 
Root excretions, 
acids, 537 

effect on rhizosphere population. 226 
enzymes, 537 
growth factors, 226, 334 
nutrients, 29, 460, 471 
Root-infecting fungi, 228-32 
effect of rhizosphere population, 230 
soil conditions 231 
inoculation potential of, 229 
Root systems, 

amount of nitrogen in leguminous, 34B 
competition between different, 457/545-6 
effect of extensiveness on nutrient uptake, 

51 

water uptake, 403 

effect on distribution of humus with depth 
in soil, 291, 578 

factors controlling depth of rooting, 452-4 
profuseness, 455 

length and u eight of, 447, 457, 578 
rate of growth, 456 

soil factors affecting development, 448 
et seq. 

Rossi-Cholodny slide technique, I36, 19B, 
204, 219, 224 
Rotation of crops, 

effect on humus and nitrogen conient of 
soil, 293 

wheat yield, 538-44 
for control of soil erosion, 630 
need for, 538 

Rubidium, effect on plant growth, 39 


Saline soils, 

control of salts in. 607-12 
* description of, 597-8 

effect of evaporation of water from, 38b 
See also, Alkali soils. 

Saltation, 622 
Salts, 

control of in soil, 607-12 . 

effect of di.ssolved salts on evaporation ot 
water from soils, 386 
effect on pK of soil, 104 
plant growth, 400, 603-7 
retained in irrigated areas, 608 
in river waters, 608 
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Salt tolerance of plants, 600-7 
Sand, 

ddonition of, 72 

fraction in soils, minerals composing, 75 
Sand fraction in soils, 
possessing exchange capacity, 98 
Sandy soils. 

blowing of, 621-6 
definition, 74 

methods of management, 649-50 
Sea-water, reclamation of land flooded by, 
617-19 

Selenium in soil, harmful effect on quality 
of pastures, 55 

Settling velocity of soil particles, 71 
Shade, effect on nitrogen fixation by soy- 
beans, 345 
Shade trees, 

value in tropical agriculture, 64 1 
Sheep, value of folded flock, 649 
Shelter belts, for erosion control, 625 
Shrinkage of soils on drying, 1 29 
Silica, forms of in soil, 80 
gels in soils, solution of sesquioxides in, 80 
pan, 591 

Silicates, displacement of phosphate from 
soils by, 45, 103, 480 
Silicon, 

amount taken up byvrops, 29, 536, 5G3 
effect on crop growth, 44 
Silt, 

definition of, 71 

fraction in soils, minerals in, 75 
river, as source of soil fertility, 647 
Silt soils, 

definition, 74 

difficulties in draining, 412, 651 
Sloping land, relation to podsolisation and 
brown earth fonnation, 594 
Slugs, s€i! Gasteropods. 

Snails, su Gasteropods. 

Sodium, 

amount taken up by plants, 536 
exchangeable, effect on soil properties, 

590* 612-13 
nutrition of plants, 43-4 
permitted concentration in irrigated 
water, 613 

Sodium carbonate, presence in alkali soils, 
S 9 « 

Sodium nitrate, effect on sod structure, 121, 

435 

Sodium soils, 

deflocculation and flocculation of, 130 
water instability of crumbs, 133 
See also, Alkali soils. 

Sodium sulphate, effect on composition of 
wheat crop, 1 23 

Soil, see Acidity, Aeration, Structure, 
Tilth, Water, etc. 
amorphous constituents in, 79 
Soil, as a network of channels, ^ 

Soil formation, 
m depressions, 596 


Soil formation — eonaf. 
effect of impeded drainage an4 ground 
water, 586 et seq, 
topography, 591, 594-6 
on well drained sites, 566 et seq. 

See also, under types of soil, and Wcaihcr- 

Soil particles, 

classification of, by size, 72 
size that blows, 622 
Soil solution, 
composition of, 464-7 
effect of osmotic pressure on plant growth 
400, 604-7 

organic phosphates in, 492 
as source of nutrients, 468 
Solod, 600 
Solonchak, 597 

See also. Saline soils. 

Solonetz, 598 

produced by exchangeable magnesium, 
boo 

See also, Alkali soils. 

Sorghum, 

harmful residual effect of, 544 
water requirements of, 392, 418 
Springtails, ^<*<7 Colleinbola. 

Steppes, see Grassland soils. 

Stomata, effect of o^xrning on transpiration 
losses, 387, 395 
Stokes Law, 71 
Straw, 

compost, cfl'ect on plant growth, 251 
decoinpf^ition of, 242 et seq., 250-2 
mulch, cflect on soil nitrates, 639-40 
Strengite, 

constitution of, 479 
solubility of, 485 
Structure of soil, 423 et seq. 

breakdown uf, 132-4, 427-8, 430-t 

classification of pore stability, 428 

clay liuinas complex. 290-8 

me( hanism of crumb formation, 439 

microsc upic examination of, O9 

micn>-siructure, 69 

optimum size of crumbs, 424 

shape of units, 426 

water stability of, 132, 427 

See also, I'ihh. 

Structure of soil, factors affecting , 

calcium carbonate, 134, 429, 434, 43^ - ^ 
cultivation implements, 432 
earthworms, 442 
farmyard manure, 435 
fertilisers, 435 
frost, 433 

grass rcKits, 437, 445 
green manuring, 436 
leys, 438 

micro-organisms, 443-4 
moisture content, 432 
mulches, 437 ^ 

organic matter, ^35-7, 44**~fr 
wetting and drying, 432 
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Stubble, mulch farming, 625, 634 
Suction* of water in soil, 373 ei seq. 

Sugar, effect on nitrogen content of soil, 324 
Sugar-beet, response to fertilisers, 41 
Sulphides, 

biological production of, 209-10, 518 
toxic to plant roots, 450 * 

Sulphur, 

amount taken up by crop, 53G 
compounds in organic matter, 270, 281 
soil, 

need of plants for, 38 
use of, for reducing soil alkalinity, 534, 
614 

Superphosphate, 
effect on soil/iH, 120 
manufacture and composition, 497 
movement in soils, 501-3 
production from rock phosphates, 496 
reaction with soil components, 477, 500-2 
residual effects of, 505-1 1 
See also, Phosphatic fertilisers. 

Sw^amp soils, yee Paddy soils. 

Sw'elHng of .soils, 

cause of break-up of clods, 431-3 
effect of deflocculation, 133 
moisture content, 130 
in liquids, 128 


'lake-all, 

contiol by under-sowing, 214, 260 
fakyr, 162 
1‘alc, 83 
'Parana kite, 
constitution of, 479 
f(jnnation of in soils, 479 
'feart pastures, 55 
remperature of soil, 
daily fluctuation, 354 
effect of mulches, 356, 638 
soil colour, 355 
vegetation, '355-f 

effect on decomposition of organic matter, 

245 

field capacity and drainage, 380 
numbers of micro-organisms, 217, 219 
root development, 450 
soil fertility, 222 
variation with depth, 358-60 
'Vermitt's in soil, 180-4 
as producers of vesicular latcritc, 561 
1 extural classes of soils, 74 
Textural fractions in soils, 72 
I I hcrmal conductivity, of soil, 359 
l liixotrophy, in clays, 131 
lihh. 

mellowness of, 134 
definition of, 423 

i ration curves for soils, see Buffer curves, 
i'pography, effect on soil formation, 58G 

t it seq. 

‘ jxic dbemicals, decomposition in soils, 207 
faf c ciements in animal nutrition, 54 
plant nutrition, 46 


Transpiration, 

am^ni of, 391-7, 408-9 
coelncient, 392 

effect of salinity of soil solution on, 6o>; 
Irom catchment areas, 396 
maximum daily rates, 397 
rate of, computation of, ‘394 
effect of climate, 392 
effect of stomatal control, 387 
Trash farming, 625, 634 
Tropical soils, 
effect of topography on, 595 
methods of managing, 654-7 
need for mulches or shade trees, 638-42 
numbers of arthropods in, 178 
types of, 583-5 
See also, Laterite. 


Uronic acid, composition and estimation of, 
241, 269 

See also, Polyuronides. 

Variscite, 

constitution of, 479 
solubility of, 485 
presence ir soils, 486 
Vegetation, 

effect on soil temperature, 356 ei seq» 
iiK'idcnce of spring frosts, 356 
reducing frost penetration into soil, 357 
Vermiculite, 88 
Vesicles, 238 

Viscosity oi' w'ater, effect on drainage, 378 
\’itamins and plant grow'th, 25 
Vitamin content of crop, as affected by 
manuring, 26 

Water. • 

available, see Available water, 
interaction with clay particles, 125 et seq, 
irrigation, see Irrigation water, 
molecules, orientation around clay 
fiarticles, 127, 440 

requirements of crops, see Transpiration, 
siability ol crumbs, 133 
See also. Structure of soil. 

Water in soil, 

amount that can move by capillarity, 
383-6, 408-9 

computation of water deficit, 409 
» depth from which plants extract, 406-8, 
454 . 

evaporation from bare soil, 383 et seq» 
hysteresis in suction curve, 375-7 
movement into dry soil, 381 
rate of movement, 378 et seq, 
suction, free energy and pf, 373, 400 
viscosity of, 378 
Water supply to plants, 

effect of shortage on plant growth, 387 
effect on effectiveness of fertilisers, 64 
plant growth, 387 ei seq. 
root development, 452 
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Water table, 

depth of, effect on crop yield, 410 
in fen and peat soils, 410 
minimum for irrigation, 609-10 
effect of fluctuating on soil formation, 
560-2, 587 et seq, 

Water^loggcd soils, atmosphere in, 262 
Weathering, 551 et seq, 
crusts of, 552 

effect of organic matter, 654, 566 et seq. 
rate of loss of constituents, 555, 576 
in soil zone, 562-4, 569 el s^eq.^ 

Weeds, 

control by cultivation, 632 et seq, 
mulches, 640 

effect of fertilisers in encouraging, 547, 636 
effect on crop yield, 545-8, 636 
root growth, 457 
as extractors of zinc from soil, 51 
harmful effect in dry farming, 42 1 
in fallow, effect on nitrates, 304 
Wheat, 

composition of grain, effect oi' water 
supply, 390 

composition of plant, 53b 
during growing season, 29 
Wheat, grain yield, 

effect of depth of wet soil in dry farming 
areas, 420 

fallow, 418-20, 539, 542, 544 
nitrogen, 31 et seq, 
preceding crop, 539-44 
water supply, 388, 416, 418 


Wlicat, grain yield— ron/d. 
variation between dry and humid regions, 

417 

See alsOf Broadbalk, Grain-straw ratio. 
Wilting point, permanent, 399 
Wilting range, 398 

effect of osmotic pressure of soil solution 
on, 401,604-5 
Wind erosion, 62 i-b 
Wireworms, in soil, 175, 190 
effect of crop on, 537 
size distribution, 1 73 
Wirku 7 {sfswert of Mitscherlich, 61 
Woodland soils, see Forest soils. 

Woodlice, 1 71, 195 
Wonns, see Earthworms, Nematodes. 
Wormcasts, , 

composition of, 186-7 1 

microbial flora in, 186 
nutrients in, 186 
water -stability of structure. 4^,2 
weight of, 1 88 

X-ray analysis of clays, 78 
Xylan, effect on decomposition of' cellulose, 
244 

Zinc, 

amount removed by crop, 46 
ai plant nutrient, 51 
Zonal soils, 565 
Zymogenous bacteria, 151 



